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Diseño, síntesis y reactividad de nuevos sistemas ferrier-nicholas en 
derivados de piranosas. aplicación a la síntesis de nuevos derivados de 
carbohidratos 
Resumen
Esta tesis doctoral se ha centrado en la obtención de nuevos derivados 
polifuncionalizados de hidratos de carbono.  En este contexto, el trabajo aquí recogido 
incluye el diseño, la síntesis y el estudio de la reactividad de tres sistemas 
poliinsaturados derivados de carbohidratos. Estos nuevos sistemas, diseñados en torno a 
un esqueleto de piranosa, incorporan como elemento diferencial tanto insaturaciones de 
tipo olefínico como alquinos, permitiendo estos últimos su activación como complejos 
de alquinil-hexacarbonildicobalto. Se han sintetizado y analizado tres familias de 
compuestos, que manteniendo un núcleo de piranosa  difieren entre sí en las posiciones 
en las que se incorpora tanto el alquino (C1 ó C-3) como el doble enlace (2,3 or 2,2’). 
Todos estos sustratos tienen características estructurales que posibilitan su uso tanto en 
reacciones de tipo “Ferrier” como en reacciones tipo “Nicholas”. La “reactividad 
Ferrier” hace referencia a una sustitución nucleófila con transposición alílica sobre 
glicales para originar glicósidos alílicos, mientras que la reacción de Nicholas denota la 
propargilación de nucleófilos facilitada por el uso de complejos de 
dicobaltohexacarbonilo. Ambas transformaciones tienen lugar en medio ácido y 
transcurren vía la reacción de los carbocationes intermedios correspondientes (cationes 
de Ferrier y/ó cationes de Nicholas) con nucleófilos.  
Así, todos los derivados incluídos en esta memoria fueron seleccionados con la idea de 
combinar los dos tipos de reactividad junto con la presencia de cationes glicosídicos 
sobre piranosas. Los primeros sistemas analizados (sistemas I y II) poseen una 
estructura de glical (ó piranosas 1,2-insaturadas), caracterizada por generar cationes 
alílicos en medio ácido ( por salida del sustituyente en C-3). Difieren, sin embargo, en 
la posición en la que se incorpora el sustituyente alquinilo, en C-1 (I) ó en C-3 (II). La 
última familia de compuestos analizados (III) poseen una insaturación exocíclica 2,2’ y 
el residuo de alquinilo se localiza sobre la posición anomérica (C-1). 
El estudio de derivados de tipo I, condujo al descubrimiento de diferentes cursos de 
reacción dependiendo de la naturaleza del sustituyente en O-6 en el alquinil glical 
empleado como material de partida. Así, es posible la obtención controlada de 
productos de expansion de anillo (oxepanos), de contracción de anillo 
(tetrahidrofuranos) o de incorporación de un nucleófilo (piranosas ramificadas) por 
simple elección del grupo “protector” sobre el O-6 del glical, (bencilo, hidroxilo libre o 
sililo, respectivamente). La utilización de un derivado con una function alilo sobre O-6 
permitió la obtención de un único producto tricíclico como consecuencia de una 
posterior ciclación intramolecular de Pauson–Khand. 
VI 
El segundo tipo de derivados estudiado, glicales con un sustituyente C-3-alquinil-
hexacarbonildicobalto, reaccionó con nucleófilos oxigenados y carbonados para generar 
O-glicósidos y C-glicósidos, respectivamente. Cuando la reacción se efectuó con 
aliltrimetilsilano como nucleófilo, se originó exclusivamente el correspondiente α-C-
glicósido. Por el contrario, la reacción con nucleófilos de tipo heterocíclico o alcohols, 
condujo a una mezcla anomérica, en la que contrariamente a lo esperado prevalecen los 
-C-glicósidos. Además si la reacción se efectúa en presencia de dos equivalents de 
indol, es possible obtener la formación de sistemas de cadena abierta con sustituyentes 
1,1-bis-indolilo. Estos resultados contrastan con los obtenidos al emplear como 
materiales de partida los glicales con un sustituyente C-3-alquinilo sin cobaltar 
poniendo de manifiesto el importante papel jugado por el sustituyente de 
hexacarbonildicobalto-3C-alquinilo en la estereoselectividad y reactividad de los 
sistemas analizados.   
Por último, se ha llevado a cabo la preparación de un nuevo tipo de compuestos: 1-
C-alquinil-2-desoxi-2-C-metilen-glicales, así como el de sus correspondientes derivados 
hexacarbonildicobaltados, bajo la hipótesis de que estos últimos podrían conducir a 
sistemas bis-funcionalizados en las posiciones C-1 y C-2’ del anillo de piranosa. Si bien 
esta hipótesis manifestó ser correcta y los derivados de Ferrier-Nicholas condujeron a 
los derivados bis-funcionalizados deseados (C-2’,C-3-sustituidos), los sistemas 
descobaltados probaron tener un comportamiento más versátil en el contexto de síntesis 
orientada a diversidad. A partir de éstos derivados se pudo obtener: derivados de cadena 
abierta por hidrólisis en medio ácido, 1,2-didesoxi-piranósidos-2-C-sustituidos por 
tratamiento en medio básico, y por último un nuevo tipo de derivados tricíclicos: 
ciclohepta[b]indolil-glicales. Este último derivado, se debe originar por una doble 
transposición alílica de tipo Ferrier seguida de una alquenilación intramolecular  7-
endo-dig de tipo Friedel-Crafts de uno de los indoles por el alquino sobre C-1. 
En resumen, la selección y utilización de estas tres familias de compuestos ha 
contribuído al descubrimiento de nuevos, y en ocasiones inesperados, cursos de 
reacción que han facilitado la obtención de una amplia variedad de derivados con 
diversidad de esqueleto a partir de hidratos de carbono.  
VII 
Design, synthesis and reactivity of new ferrier-nicholas pyranosidic 
systems. application to the synthesis of novel carbohydrate derivatives. 
Summary
This Ph.D. Thesis has been devoted to the development of novel polyfunctionalized 
carbohydrate derivatives. This work includes then, the design, synthesis, and the study 
of the reactivity of the new carbohydrate derivates. In this context, we have studied 
three different types (I, II, III) of polyunsaturated pyranoses. These new systems, built 
around a pyranose skeleton, include olefinic double bonds and alkynes, the latter having 
been modified as their dicobalthexacarbonyl-alkynyl derivatives. The three systems 
considered differ in attachment point of the alkyne (C-1 or C-3), and the nature of the 
olefin (2,3 or 2,2’), and they were designed to enjoy simultaneous “Ferrier” and 
“Nicholas” reactivities, vide infra. Thus, the Ferrier rearrangement refers to the 
“substitution with allylic rearrangement” reaction of glycals (or 1,2-unsaturated 
pyranoses) with nucleophiles to give allylic glycosides, and the Nicholas reaction 
denotes the propargylation of nucleophiles facilitated by the use of 
dicobalthexacarbonyl-alkynyl derivatives. Both transformations are triggered by acidic 
media and take place by reaction of the respective intermediate cations (Ferrier cations 
and Nicholas cations) with nucleophiles. 
Thus, the derivatives under study were designed under the idea of combining both 
types of systems around the unique reactivity of glycosyl cations. The first two systems 
studied (I, II) are glycal (or 1,2-unsaturated pyranoses) derivatives, which had already 
shown a preference for the generation of allylic cations, under acidic conditions (by 
departure of the C-3 substituent). They differed in the position where the alkyne 
functionality was appended C-1 (I) or at C-3 (II). The last compound studied (III) 
possessed a 2,2’ unsaturation, and the alkynyl residue was added at the anomeric (C-1) 
position.  
The study of derivatives type I, resulted in the discovery of novel reaction pathways 
associated to the nature of O-6 substituent in the starting alkynyl glycals. Thus, 
compounds resulting from ring expansion (oxepanes), ring contraction 
(tetrahydrofurans), or branched pyranoses, by incorporation of nucleophiles, were 
obtained from 6-O-benzyl, 6-hydroxy, or 6-O-silyl derivatives, respectively. The use of 
a 6-O-allyl alkynyl glycal allowed a one-pot access to a single tricyclic derivative 
featuring an intramolecular Pauson–Khand cyclization as the last step. 
Hexacarbonyldicobalt–C-3-alkynyl-substituted glycal derivatives (Type II 
compounds), when treated with BF3·OEt2 reacted with alcohols or C-nucleophiles to 
give C-3-branched 2,3-unsaturated glycosides or C-glycosides, respectively. α-C-
Glycosides were the sole compounds obtained when allyltrimethylsilane was used as the 
nucleophile. On the contrary, the reaction of C-3-alkynylglycals with heteroaryl or 
VIII 
alcohol nucleophiles led to anomeric mixtures in which, contrary to normal results, the 
-anomers prevailed. The presence of the hexacarbonyldicobalt–C-3-alkynyl substituent 
probed to be of key importance in the stereoselectivity of these transformations, since 
the reaction of C-3-alkynylglycals – devoid of the hexacarbonyldicobalt moiety – 
showed a preferred α-stereoselectivity. Interestingly, reaction of a 
hexacarbonyldicobalt–C-3-alkynylglycal with two equivalents of indole, led to the 
formation of a bis(indolyl) open-chain compound. 
Finally, 1-C-alkynyl-2-deoxy-2-C-methylene pyranosides (Ferrier, IIIa), and their 
corresponding dicobalthexacarbonyl alkenyl derivatives (Ferrier-Nicholas, IIIb) 
(compounds Type III) were selected as substrates. These systems could be accessed by 
a concise synthetic route from commercially available tri-O-acetyl-D-glucal. The 
reaction of the Ferrier-Nicholas derivatives (IIIb) under acidic media, allowed the 
incorporation of two nucleophiles (at positions C-3 and C-2’) to the pyranose ring. 
Contrary to our initial expectations, system IIIa proved to display a remarkable behavior 
leading to open-chain derivatives, branched pyranosides, and when reacting with indole, 
to a new family of tetracyclic indole-containing carbohydrate derivatives, namely, 
cyclohepta[b]indolefused glycals. The latter are, most likely, formed by a bis Ferrier-
type rearrangement followed by an unusual intramolecular 7-endo-dig Friedel-Crafts 
alkenylation of one of the indole moieties by the C-1 alkyne. 
In summary, the study of these three types of compounds have contributed to the 
discovery of novel, sometimes unexpected, reaction pathways leading to carbohydrate 
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1. Introducción General. 
1.1. Carbohidratos. Importancia en biología. 
Los carbohidratos representan, junto con las proteínas y los ácidos nucleicos, uno 
de los tres grandes grupos de biomoléculas presentes en la naturaleza. 
Hasta finales de los años 60, del siglo pasado, los carbohidratos eran considerados 
como materiales de reserva energética y de función estructural, por su inclusión en 
polisacáridos como glucógeno y almidón, o en celulosa y quitina, respectivamente.  
Sin embargo, dos descubrimientos a principios del siglo XX comenzaron a 
demostrar la importancia del papel de los hidratos de carbono en el entorno biológico. 
Por un lado, la demostración de que la superficie externa de la bacteria Streptococcus 
pneumoniae, estaba constituida por un polisacárido en lugar de una proteína,[1] y por 
otro el descubrimiento de la importancia que en los grupos sanguíneos poseía la 
estructura de los distintos oligosacáridos presentes.[2] Más recientemente, y 
posiblemente como consecuencia directa de estas y otras observaciones relacionadas, se 
ha comenzado a otorgar el merecido reconocimiento a la relevancia biológica de los 
carbohidratos bajo el epígrafe de Glicobiología, como ciencia dedicada al estudio de los 
carbohidratos como transmisores de información en procesos de reconocimiento a nivel 
celular, entre otros.[3] 
Una de las características diferenciales de los carbohidratos, en comparación con 
las proteínas y los ácidos nucleicos, se encuentra en la complejidad de las formas oligo- 
y poliméricas de los primeros. Mientras que las dos últimas familias están constituidas 
por moléculas lineales con un único tipo de enlace, denominado glicosídico, entre sus 
unidades monoméricas (enlaces peptídicos en proteínas y fosfodiéster en ácidos 
nucleicos). La unión de unas moléculas de carbohidrato a otras se conoce como 
glicosidación, y permite la generación de oligosacáridos que, debido a la existencia de 
diversos grupos hidroxilo en sus unidades monoméricas (monosacáridos), posibilita la 
formación de estructuras altamente ramificadas.  
La gran variedad de puntos de glicosidación existentes para un monosacárido, así 
como las diversas configuraciones que pueden presentar los átomos de carbono 
involucrados, tienen como consecuencia que el número de estructuras posibles para un 
oligosacárido sea muy superior al de un oligopéptido u oligonucleótido de tamaño 
comparable. 
En general, puede afirmarse que los carbohidratos tienen una capacidad para 
codificar información superior a la de cualquier tipo de biomolécula ya que incorporan 
mayor densidad informativa por unidad estructural.  
                                                
1 Avery, O.; Heidelberger, M. J. Exp. Med. 1923, 38, 81. 
2 Aminoff, D.; Morgan, W. T. J. Nature 1948, 162, 579. 
3 Dwek, R. A. Chem. Rev. 1996, 96, 683. 
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En la naturaleza, los carbohidratos se encuentran en la superficie externa de las 
células formando parte de glicoconjugados con funciones biológicas determinadas,[4] 
como es el caso de glicolípidos,[5] y glicoproteínas,[6] (Figura 1) en los que el hidrato de 
carbono se encuentra unido a un “aglicón” de naturaleza lipídica o proteica, 
respectivamente. 
Estos glicoconjugados desempeñan funciones de modulación en una gran variedad 
de procesos biológicos,[7] tales como la fertilización, la embriogénesis o el desarrollo 
neuronal y permiten el transporte celular de hormonas, enzimas o anticuerpos. 
Asimismo, como se ha venido demostrando recientemente, la composición de los 
carbohidratos presentes en la superficie de ciertas proteínas puede ser indicativa de un 
estado patológico.[8] 
 
Figura 1.1 Interacciones específicas carbohidrato-biomoléculas 
 
1.2. Carbohidratos. Importancia en síntesis. 
La abundancia de los hidratos de carbono, así como su obtención a partir de fuentes 
naturales renovables, ha influido en su empleo en procesos sintéticos.[9] En este área, el 
                                                
4 Dwek, B. G. J. Chem. Soc. Perkin Trans 1 1999, 3215. 
5 (a) Hakamori, S. Cancer Res. 1985, 45, 2405. (b) Hakamori, S. Chem. Phys. Lipids. 1986, 42, 209. (c) 
Feizi, T. Nature 1985, 53, 314. (d) Koscielak, J. Glycoconjugate J. 1986, 3, 95. 
6 Montreuil, J.; Neuberger; A.; Van Deenen, L. L. M. (Eds): Comprehensive Biochemistry Vol. 19 
Elsevier, Amsterdam, 1982. 
7 Yarema, K. J.; Bertozzi, C. R. Curr. Opin. Cell. Biol. 1998, 2, 49. 
8 a) Wu, Y.-M.; Nowack, D. D.; Omenn, G. S.; Haab, B. B. J. Proteome Res. 2009, 8, 1876. b) 
Venkatakrishnan, V.; Quintana-Hayashi, M. P.; Mahu, M.; Haesebrouck, F.; Pasmans, F.; Linden, S. K. J. 
Proteome Res. 2017, 16, 1728. 
9 Chapleur, Y.; Chretien, F. En “The Organic Chemistry of Sugars” Levy, D. E.; Fügedi, P. Eds. Capítulo 
11, “Sugars as Chiral Starting Materials in Enantiospecific Synthesis” CRC Press. Taylos & Francis 
Group. 2006. Boca Raton. Florida. 
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carbohidrato se ha empleado como fuente de átomos de carbono y/o quiralidad en la 
preparación de productos naturales o sus análogos, en forma enantiómericamente pura. 
En este contexto, una de las primeras síntesis de un compuesto en forma 
enantiómericamente pura fue llevado a cabo en 1949 por Wolfrom, Lemieux and Olin, 
que permitió establecer la configuración de L-alanina al emplear como material de 
partida la ya conocida N-acetil-D-glucosamina (Esquema 1.1).[10] 
 
Esquema 1.1 Correlación de la configuración de D-glucosamina con L-alanina. 
La flexibilidad de los carbohidratos en esquemas sintéticos enantiodivergentes fue 
demostrada por Hicks y Fraser-Reid, que en 1976 describieron la preparación de los dos 
enantiómeros de la feromona frontalina a partir de metil-α-D-glucopiranosido 
(Esquema 1.2).[11] 
Esquema 1.2 Síntesis enantiodivergente de los dos enantiómeros de frontalina. 
 
Esta línea de investigación, dónde una parte del carbohidrato se correlacionaba con 
un compuesto quiral, se empleó en los primeros años principalmente para la asignación 
estructural inequívoca en compuestos “no-carbohidratos”.[12] 
                                                
10 Wolfrom, M. L.; Lemieux, R. U.; Olin, S. M. J. Am. Chem. Soc. 1949, 71, 2870. 
11 Hicks, D. R.; Fraser-Reid, B. J. Chem. Soc., Chem. Commun. 1976, 869. 
12 Inch, T. D. “The use of carbohydrates in the synthesis and configurational assignment of optically 
active non-carbohydrate compounds” Adv. Carbohydr. Chem. Biochem. 1972, 27, 191. 
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Desde 1980 en adelante, los carbohidratos fueron empleados en estrategias 
sintéticas cada vez más complejas permitiendo el acceso a una gran variedad de 
compuestos. 
En el Esquema 1.3 se muestran ejemplos provenientes de tres de los laboratorios 
más activos en este área: i) la síntesis de (+)-ambruticina por el grupo de Hanessian, 
empleando α-D-glucopiranosido de metilo como azúcar de partida (Esquema 1.3);[13] ii) 
la preparación de silfineno y (-)-silfiperfol-6-eno a partir de α-D-manopiranosido de 
metilo por Dickson y Fraser-Reid (Esquema 1.3),[14] y iii) la síntesis de everninomicina 
13,384-1 por el grupo de Nicolaou (Esquema 1.3).[15] En esta síntesis se emplearon 
distintos carbohidratos como material de partida para la preparación de la mayoría de 
los anillos de tetrahidropirano en la molécula: derivados de D-manopiranosa se usaron 
para la construcción de los anillos B, D y F; un D-glucopiranósido fue transformado en 
el anillo E; D-xilosa, una pentosa en forma de piranosa, fue transformada en el anillo H, 
y por último, un derivado de D-glucal se empleó en la génesis del anillo C. 
 
Esquema 1.3 Síntesis a partir de hidratos de carbono. 
 
                                                
13 Hanessian, S.; Focken, T.; Mi, X.; Oza, R.; Chen, B.; Ritson, D.; Beaudegnies, R. J. Org. Chem. 2010, 
75, 5601. 
14 Dickson, J. K.; Fraser-Reid, B, J. Chem. Soc., Chem. Commun. 1990, 1440. 
15 a) Nicolaou, K. C.; Mitchell, H. J.; Suzuki, H.; Rodríguez, R. M.; Baudoin, O.; Fylaktakidou, K. C. 
Angew. Chem. Int. Ed. Engl. 1999, 38, 3334. b) Nicolaou, K. C.; Rodríguez, R. M.; Fylaktakidou, K. C.; 
Suzuki, H.; Mitchell, H. J. Angew. Chem. Int. Ed. Engl. 1999, 38, 3340. c) Nicolaou, K. C.; Mitchell, H. 
J.; Rodríguez, R. M.; Fylaktakidou, K. C.; Suzuki, H. J. Angew. Chem. Int. Ed. Engl. 1999, 38, 3345. 
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1.3. Síntesis orientada a objetivo (TOS), química combinatoria, y síntesis 
orientada a diversidad (DOS) 
De acuerdo con la terminología conceptual introducida por Schreiber,[16] vide infra, 
las síntesis expuestas en el Esquema 1.3 podrían clasificarse como ejemplos de síntesis 
orientada a objetivo (Target Oriented Synthesis, TOS) empleando carbohidratos como 
productos de partida. De acuerdo con los conceptos introducidos por Schreiber, la 
síntesis de una molécula objetivo cuya actividad ya es conocida se lleva a cabo 
mediante un análisis retrosintético,[17] a partir de una serie de estructuras precursoras 
sencillas. En esta aproximación, el análisis retrosintético se desplaza en la dirección 
“complejoàsimple”. 
La necesidad de generar compuestos biológicamente activos de manera más 
eficiente condujo al desarrollo de la denominada “química combinatoria”, que perseguía 
hallar rápidamente variaciones de un compuesto (lead) que posee una cierta propiedad, 
con el fin de encontrar otro compuesto relacionado de mayor actividad (hit).[18] 
 
Figura 1.2 TOS (A), química combinatoria (B) y DOS (C) en el espacio químico. 
 
Una manera de visualizar estas dos aproximaciones en el entorno de un “espacio 
químico” (definido por Schreiber[19] como un espacio multidimensional en el que están 
situadas todas la moléculas orgánicas posibles, y dónde cada dimensión corresponde a 
un descriptor químico o biológico que puede ser medido o calculado 
computacionalmente) se encuentra representada en la Figura 1.2. Dentro de este 
“espacio químico”, la aproximación TOS genera una única molécula que, de acuerdo 
con sus descriptores químicos o biológicos, ocupará un único punto de esa 
representación (Figura 1.2, A). Por otro lado, mediante una estrategia de química 
                                                
16 a) Schreiber, S.L. Science, 2000, 287, 1964. b) Burke, M.D.; Angew. Chem. Int. Ed. 2004, 43, 46. 
17 a) Corey, E. J. Pure. Appl. Chem. 1967, 14, 19. b) Corey, E. J. Wipke,; W. T. Science 1969, 166, 178. 
c) Corey, E. J. Rev. Chem. Soc. 1971, 25, 455. d) Corey, E. J.; Cheng, X.-M. The Logic of Chemical 
Synthesis, Wiley, New York, 1981.  
18 Lam, K. S.; Salmon, S. E.; Hersh, E. M.; Hruby, V. J.; Kazmierski, W. M.; Knapp, R. J. Nature 1991, 
354, 82. 
19 Schreiber, S. L. Science, 2000, 287, 1964. 
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combinatoria, generalmente basada en la introducción de distintos apéndices a un 
esqueleto previamente funcionalizado ortogonalmente, se puede generar una gran 
colección de compuestos que guardan una cierta similitud en sus propiedades, 
generando así un numeroso conjunto de puntos cercanos en el espacio químico (Figura 
1.2, B). 
Por último, y de acuerdo con Schreiber, los químicos orgánicos pueden seguir una 
tercera estrategia para explorar las vastas regiones del espacio químico sin examinar. 
Así, Schreiber introduce una tercera estrategia a la que denomina “síntesis orientada a 
diversidad” (Diversity Oriented Synthesis, DOS). Su objetivo es el de diseñar procesos 
mediante los que se pueda acceder a una amplia distribución de compuestos en el 
espacio químico con el fin de explorar zonas vacías o poco pobladas (Figura 1.1, C). 
Para ello se necesita una metodología diferente de la que se utiliza para examinar 
pequeñas regiones determinadas.  
Dado que el objetivo de la DOS no es una estructura definida, no es posible aplicar 
el análisis retrosintético. Sin embargo, aplicando una lógica paralela, se puede realizar 
un planteamiento en el sentido de la síntesis para diseñar una serie de procesos, en los 
que cada paso proporciona un mecanismo para crear diversidad y complejidad. A 
diferencia del análisis retrosintético antes mencionado, el análisis de esta aproximación 
es divergente y ramificado, y por tanto se plantea en el sentido simple→complejo. Lo 
que se pretende obtener es acceder a estructuras diversas a partir de un producto de 
partida común.  
Para proporcionar una comparación conceptualmente simple y fácilmente 
interpretable de la diversidad molecular relativa, incorporada mediante las 
aproximaciones mencionadas anteriormente, Spring y cols. sugirieron visualizar la 
diversidad molecular en forma del espectro mostrado en la Figura 1.3.[20] En esta 
Figura, se aprecia el incremento de diversidad estructural obtenida según la estrategia 





Figura 1.3 Grado de generación de diversidad molecular, comparación de estrategias: 
TOS, química combinatoria, y DOS. 
 
                                                
20 ] Spandl, R. J.; Bender, A.; Spring, D. R. Org. Biomol. Chem. 2008, 6, 1149. 
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En una aproximación tipo DOS, se pueden abordar -al menos- tres tipos variaciones 
estructurales centrándose en tres características del producto final: i) diversidad de 
esqueleto, ii) diversidad estereoquímica y iii) diversidad de apéndices.  
La diversidad de esqueleto,[21] permitiría obtener una colección de productos con 
diferentes estructuras químicas, lo cual posibilita la distribución de la información 
química en el espacio de manera diversa. Para conseguir este objetivo hay dos tipos de 
aproximaciones: a) estrategias basadas en reactivos,[22] dónde se emplean reactivos 
diferentes para la transformación de un mismo sustrato, y b) las aproximaciones 
basadas en sustratos, dónde una serie de sustratos relacionados entre sí reaccionan con 
reactivos similares para generar estructuras diferentes (Figura 1.4B). [23] 
 
Figura 1.4 Estrategias DOS para la generación de diversidad de esqueleto: basadas en 
reactivos y basadas en sustratos. 
 
Los procesos basados en reactivos consisten en someter a un mismo sustrato a 
diversas condiciones de reacción con el fin de generar distintas estructuras moleculares 
(Figura 1.4A). Estos procedimientos se conocen también como procesos 
diferenciadores. 
Por otro lado, en los procesos basados en sustratos se obtiene una colección de 
productos con esqueletos diversos mediante el tratamiento, en condiciones de reacción 
similares, de una colección de compuestos relacionados que portan un apéndice 
diferente, σ, en el que la estructura del producto de partida está “codificada” (Figura 
1.4B). Estos procesos son análogos al plegamiento de las proteínas, donde la estructura 
final de la macromolécula está codificada en su secuencia de aminoácidos. Por ello a 
estos procesos se les llama procesos de plegamiento 
                                                
21 a) Sello, J. K.; Andreana, P. R.; Lee, D.; Schreiber, S. L. Org. Lett. 2003, 5, 4125. b) Burke, M. D.; 
Berger, E. M.; Schreiber, S. L. Science 2003, 302, 613. c) Burke, M. D.; Berger, E. M.; Schreiber, S. L. J. 
Am. Chem. Soc. 2004, 126, 14095. d) Oguri, H.; Schreiber, S. L. Org. Lett. 2005, 7, 47. 
22 Wyatt, E. A.; Fergus, S.; Galloway, W. R. J. D.; Bender, A.; Fox, D. J.; Plowright, A. T.; Jessiman, A. 
S.; Welch, M.; Spring, D. R. Chem. Commun. 2006, 3296.	
23 a) Tejedor, D.; Santos-Exposito, A.; Garcia-Tellado, F. Chem. Eur. J. 2007, 13, 1201. b) Morton, D.; 
Leach, S.; Cordier, C.; Warriner, S.; Nelson, A. Angew. Chem. Int. Ed. 2009, 48, 104. 
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Estas estrategias no son ortogonales entre sí, y de ahí, que muchas estrategias 
sintéticas en DOS contengan ambos aspectos. La diversificación basada en reactivos 
(también conocida como vía de reacción de ramificación) se puede usar en cualquier 
etapa de una síntesis orientada a diversidad, puede utilizarse en las primeras etapas para 
crear diversidad en las funcionalidades o en etapas posteriores para transformar las 
moléculas pre-funcionalizadas en distintos armazones moleculares. 
Entre los diferentes tipos de diversidad, la de esqueleto se considera la más 
importante debido a que las especies generadas poseen entornos tridimensionales que 
interactuarán sólo con aquellas biomoléculas que tienen estructura tridimensional 
complementaria.[24,25,26]  Como consecuencia de esto, las bibliotecas de compuestos que 
contienen un gran número de armazones moleculares distintos cubren una gama más 
amplia de compuestos con mayores posibilidades de presentar interacción a nivel 
biológico.  
Por otro lado, una de las aproximaciones empleadas para generar diversificación 
estructural mediante el uso de reactivos, se basa en el empleo de moléculas densamente 
funcionalizadas donde diferentes grupos funcionales pueden ser transformados 
ortogonalmente. Este último enfoque se utiliza generalmente para acoplar grupos 
funcionales complementarios y, por tanto, crear diversos armazones moleculares.[27,28] 
En este contexto, la diversificación basada en el sustrato emplea frecuentemente en las 
últimas etapas reacciones intramoleculares entre los distintos grupos funcionales 
estratégicamente situados que permiten “plegar” los compuestos en estructuras 
moleculares distintas. Por esta razón, a menudo se denomina una vía de reacción de 
ciclado/plegado. 
 
1.4. Carbohidratos en estrategias de síntesis orientada a diversidad. 
A pesar de su disponibilidad y abundancia en la naturaleza, y a diferencia de otros 
productos naturales como aminoácidos, terpenos o alcaloides, los carbohidratos no han 
atraído una atención destacada para su empleo en estrategias de síntesis orientada a 
diversidad.29 Sin embargo, hemos seleccionado unos cuantos ejemplos que ayudan a 
demostrar el potencial de los hidratos de carbono en síntesis combinatoria y síntesis 
orientada a diversidad. 
El grupo de Schreiber empleó tri-O-acetil glucal como producto de partida en la 
generación de una quimioteca de cerca de 2500 moléculas incluyendo derivados 
                                                
24 Galloway, W. R. J. D.; Isidro-Llobet, A.; Spring, D. R. Nat. Commun. 2011, 1, 80. 
25 Burke, M. D.; Berger, E. M.; Schreiber, S. L. Science 2003, 302, 613. 
26 Haigh, J. A.; Pickup, B. T.; Grant, J. A.; A. Nicholls, A. J. Chem. Inf. Model. 2005, 45, 673. 
27  Spandl, R. J.; Bender, A.; Spring, D. R. Org. Biomol. Chem. 2008, 6, 1149. 
28 Spandl, R. J.; Diaz-Gavilan, M.; O’Connell, K. M. G.; Thomas, G. L.; Spring, D. R. Chem. Rec. 2008, 
8, 129. 
29 Review: Lenci, E.; Menchi, G.; Trabocchi, A. Org. Biomol. Chem. 2016, 14, 808. 
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policíclicos con hasta cuatro puntos de diversidad (Esquema 1.4).30 La secuencia 
sintética empleada supuso una reacción de Ferrier de tri-O-acetil-D-glucal con dos 
alcoholes propargílicos enantioméricos, seguida de una reacción de Pauson-Khand que 
generó un esqueleto tricíclico. La diversidad resultó de los sustituyentes y de su 
disposición relativa en torno al triciclo. Los cuatro apéndices R1-R4, que diferencian a 
cada miembro de la quimioteca, se introdujeron mediante reacción con un isocianato 
sobre el alcohol de C-4 (R1), sustitución nucleófila con amina del alcohol propargílico 
(R2), acilación de la amina resultante (R3) y adición 1,4 de un tiol sobre el sistema de 
ciclopentenona α,β-insaturada (R4). Además, cada vez que se añadía un nuevo 
sustituyente al esqueleto, se incorporó una etiqueta al soporte polimérico para 
posteriormente poder diferenciar cada miembro de la quimioteca.  
 
Esquema 1.4 Síntesis combinatoria sobre 2,3-enopiranósidos. 
 
Mukherjee y cols. desarrollaron una síntesis de glicoconjugados derivados de 
furanosas y piranosas a partir de cuatro componentes, y que tenía lugar en una sola 
operación sintética (one-pot).[31]  La transformación, mostrada en el Esquema 1.5, 
incluye una glicosidación inicial de un donador de glicosilo que incluye un residuo de 
piranosa o pentosa con alcohol propargílico para generar un propargil glicósido 
                                                
30 Kubota, H.; Lim, J.; Depew, K. M.; Schreiber, S. L. Chem. Biol. 2002, 9, 265. 
31 Yousuf, S. K.; Taneja, S. C.; Mukherjee, D. J. Org. Chem. 2010, 75, 3097. 
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intermedio que experimenta en el propio medio de reacción una cicloadición catalizada 
por Cu(I) con una furil-azida generada asimismo  in situ a partir de D-glucal y TMSN3.  
 
 
Esquema 1.5 Síntesis de cuatro componentes de Mukherjee.  
 
Por último, un interesante ejemplo de generación de diversidad de esqueleto a partir 
de C-piranósidos insaturados A y B (Esquema 1.6), fue descrito por el grupo de 
Marcaurelle.[32] El derivado [6,5,6]-benzofuránico C (Esquema 1.6), se obtuvo mediante 
un proceso de tres etapas que incluyó una SNAr intermolecular del derivado A sobre 2-
bromo-1-fluor-4-nitrobenceno en presencia de HNa, seguida de reducción NO2→NH2 y 
posterior ciclación radicálica 5-exo-trigonal. El derivado tricíclico [6,8,6] conteniendo 
una lactama de 8-miembros D, se preparó a partir de B (Esquema 1.6) mediante una 
reacción análoga de SNAr, aunque esta vez intramolecular, para el cierre de anillo en 
una amida intermedia. El derivado de azetidina F, se obtuvo mediante una reacción de 
Mitsunobu intramolecular del hidroxilo sobre C-6 un grupo N-nosilo en C-4, E 
(Esquema 1.6). Por último, el derivado bicíclico H, conteniendo un ciclo de 8-
miembros, se preparó por ciclación sobre un derivado oxiránico intermedio G (Esquema 
1.6). 
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Esquema 1.6 Generación de diversidad de esqueleto a partir de los C-piranosidos 
insaturados A y B.  
 
En esta Tesis Doctoral se ha abordado el estudio de diferentes estrategias de 
síntesis orientada a diversidad basadas en compuestos densamente funcionalizados 
derivados de carbohidratos. La polifuncionalización estudiada se ha conseguido 
mediante el empleo de carbohidratos insaturados que poseen un grupo alquinil-
hexacarbonil dicobalto adicional. En este contexto, la insaturación convierte a estos 
derivados en sustratos de reacciones de transposición de Ferrier, mientras que el 
apéndice alquinil-hexacarbonil dicobalto posibilita llevar a cabo reacciones tipo 




1.5. Reacción de transposición de Ferrier. 
Los llamados “glicales”, (1,5-anhidro-hexenitoles) i.e. 1 (Esquema 1.7), son 
derivados de carbohidratos con estructura de enol-éteres cíclicos, comercialmente 
asequibles, y ampliamente utilizados en síntesis. Una de las razones de su popularidad 
en Química Orgánica se debe a su transformación en glicósidos 2,3-insaturados, 3 (Nu 
= OR) descrita por Robert J. Ferrier en el año 1962.[33,34,35] Esta reacción, así como la 
mayoría de sus variantes, se conoce desde entonces como “transposición de Ferrier” ó 
“reacción de Ferrier (I)”. 
En esta reacción, la presencia de un catalizador ácido (en general ácidos de 
Lewis) activa la salida del sustituyente en la posición C-3 con la consiguiente formación 
de un catión oxocarbenio, i. e. 2, o catión de Ferrier, que reacciona con nucleófilos 
oxigenados en la posición anomérica (C-1) para generar los glicósidos alílicos 3, como 
una mezcla epimérica generalmente con el anómero-α como mayoritario, debido al 
efecto anomérico.36 
 
Esquema 1.7 Reacción de Ferrier.  
 
Esta transformación no está limitada al empleo de nucleófilos oxigenados, y una 
gran variedad de nucleófilos (O-, N-, C- y S-nucleófilos) pueden reaccionar con el 
catión de Ferrier 2, para dar diferentes derivados. Como hemos mencionado 
anteriormente, Ferrier observó que en presencia de alcoholes o fenoles,[37] el nucleófilo 
se incorporaba exclusivamente sobre la posición anomérica (C-1) para formar el 
glicósido alílico 3 (Nu = OR). Sin embargo, la regioquímica de la reacción varía en 
                                                
33 Ferrier, R. J.  Overend, W. G.; Ryan, A. E. J. Chem Soc. C 1962, 3667. 
34 Reviews recientes: a) Ferrier, R. J. Top. Curr. Chem. 2001, 215, 153. b) Ferrier, R. J.; Zubkov, O. A. 
Org. React. 2003, 62, 569. c) Ferrier, R. J.; Hoberg, H. O. Adv. Carbohydr. Chem. Biochem. 2003, 58, 55. 
d) Liu, Q.; Zhan, G. Chin. J. Org. Chem. 2009, 29, 1890. e) Gomez, A. M.; Lobo, F.; Uriel, C.; Lopez, J. 
C. Eur. J. Org. Chem. 2013, 7221. 
35  a) Li, J. J. en: Name Reactions, Springer, Berlin, 3rd ed., 2006. b) Kürti, L.; Czabo, B. en: Strategic 
Application of Named Reactions in Organic Synthesis, Elsevier Academic Press, Burlington, 2005. c) 
Comprehensive Organic Name Reactions and Reagents, by Zerong Wang. Capítulo 228. Copyright © 
2010 John Wiley & Sons, Inc. 
36 a) Juaristi, E.; Cuevas, G. Tetrahedron 1992, 48, 5019. b) Box, V. G. S. J. Mol. Struct. 2000, 522, 145. 
c) Curran, D.P.; Suh, Y.-G. Carbohydr. Res. 1987, 171, 161. 
37 (a) Ferrier, R. J.; Overend, W. G.; Ryan, A. E. J. Chem. Soc 1962, 3667. (b) Ferrier, R. J. J. Chem. Soc. 
1964, 5443. c) Ciment, D. M.; Ferrier, R. J. J. Chem Soc. C 1966, 441-445. (d) Ferrier, R. J.; Prasad, N. J. 
Chem. Soc. C 1969, 570. e) Ferrier, R. J.; Prasad, N. J. Chem. Soc. C 1969, 575. f) Ferrier, R. J.; Prasad, 
N. J. Chem. Soc. C 1969, 581. 
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función de la naturaleza del nucleófilo (Figura 1.5). En este contexto, Priebe y Zamojski 
demostraron que los nucleófilos duros tienden a atacar al carbono anomérico (C-1) 
mientras que los blandos (principalmente tioles y aminas) se incorporan en la posición 
C-3 del glical.[38]  
 
Figura 1.5 Regioquímica observada en la reacción de Ferrier en función del nucleófilo. 
 
El interés de la reacción de Ferrier viene dado adicionalmente por la utilidad y el 
empleo en síntesis de los productos de reacción, i.e. 3 (Esquema 1.7). Estos glicósidos 
alílicos, o desde un punto de vista formal: 2,3-didesoxi-hex-2-eno piranósidos, son 
compuestos con un enorme potencial en síntesis orgánica y han sido utilizados por 
numerosos laboratorios para la preparación de compuestos de interés. Así, y durante el 
desarrollo de esta Tesis Doctoral decidimos agrupar toda la literatura más relevante que 
se ha publicado en los últimos años en este contexto y redactar un trabajo de revisión. 
Dicha aportación, se ha incluido como Anexo II, al final de la memoria de esta Tesis. [39] 
En general, la reacción de Ferrier transcurre mejor con glicales que portan un buen 
grupo saliente en C-3 (e.g., acetatos, carbonatos o tricloroacetimidatos). La vía de 
reacción propuesta implica una coordinación inicial entre el grupo aciloxi en C-3 con el 
ácido de Lewis seguido por la salida de dicho grupo para dar el ión oxocarbenio alílico, 
2, altamente estabilizado por resonancia. En comparación con un catión glicosilo, el 
presunto intermedio 2 en la transposición de Ferrier se estabiliza por la ausencia de un 
sustituyente oxigenado en posición C-2 que retire electrones, y por conjugación alílica. 
La pérdida de un protón del catión intermedio en la serie de furanosa correspondiente, 
favorecida por la aromaticidad del producto de furano, explica por qué la transposición 
clásica de Ferrier se limita en la práctica a la serie piranosa. El ion oxocarbenio alílico 2 
que se comporta como un ácido duro en la posición C-1 reacciona entonces con las 
especies O-, S-, N- y C-nucleofílicas en el carbono anomérico para proporcionar las 
mezclas de aductos 3 en las que predominan los glucósidos pseudoaxiales. 
Referente a los promotores empleados en la reacción de Ferrier, los primeros 
estudios sobre la transposición de Ferrier hicieron uso de ácidos de Lewis simples como 
BF3.Et2O como promotores.[40] Desde entonces, se ha dedicado considerable atención a 
la investigación de catalizadores ácidos alternativos para esta transformación. En este 
                                                
38 Priebe, W.; Zamojski, A. Tetrahedron, 1980, 36, 287. 
39 Gomez, A. M.; Lobo, F.; Miranda, S.; Lopez, J. C. Molecules 2015, 20, 8357. 
40 R. J. Ferrier, N. Prasad, J. Chem. Soc. C 1969, 570. 
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contexto, han aparecido un gran número de informes que implican el uso de una 
variedad de catalizadores metálicos, no metálicos y heterogéneos. La transposición de 
Ferrier también se ha llevado a cabo en líquidos iónicos, o bajo condiciones de 
irradiación de microondas. Además, se han publicado reordenamientos de Ferrier 
desencadenados en condiciones oxidativas, o mediante la activación de metales de 
transición de glicales que contienen grupos salientes especialmente diseñados en C-3. 
Más recientemente se ha descrito el empleo de metales de transición tales como Pd,[41] y 
Au[42] como catalizadores en reacciones de transposición de Ferrier. 
Como parte de la preparación de esta Tesis Doctoral se llevó a cabo un estudio 
bibliográfico sobre el desarrollo de la reacción de Ferrier entre 2013, fecha del último 
Review, y 2017. Este estudio[43] se ha incluido como Anexo I al final de esta Memoria. 
 
1.6. Reacción de Nicholas. 
En la década de 1970, el grupo de K. M. Nicholas observó que el tratamiento de 
alcoholes propargílicos, e.g. 4 (Esquema 1.8), con octacarbonildicobalto (Co2(CO)8) 
generaba derivados de alquinilhexacarbonilcobalto, e.g. 5, a partir de los cuales se podía 
(por tratamiento con ácidos) generar carbocationes muy estables, e.g. 6a, 6b, dónde que 
la carga está deslocalizada entre la posición α del alquino, el metal y los ligandos 
carbonílicos. La reacción de estos cationes con nucleófilos se conoce como “Reacción 
de Nicholas”,[44] y en uno de los primeros ejemplos Lockwood y Nicholas describieron 
la reacción con un nucleófilo débil como anisol para generar el propargil areno 7 
(Esquema 1.8).  
                                                
41 a) Gomez, A. M.; Lobo, F.; Uriel, C.; Lopez, J. C. Eur. J. Org. Chem. 2013, 7221. b) Ramesh, N. G. 
Eur. J. Org. Chem. 2014, 689–707; f) A. M. Gomez, S. Miranda, J. C. Lopez, Spec. Period. Rep.:, 
Carbohydr. Chem. 2017, 42, 211–248. 
42 a) Kim, H.; Men, H.; Lee, C. J. Am. Chem. Soc. 2004, 126, 1336. b) Schuff, B. P.; Mercer, G. J.; 
Nguyen, H. M. Org. Lett. 2007, 9, 3173. c) Reddy, Y. S.; Lahiri, R.; Vankar, Y. D. Eur. J. Org. Chem. 
2012, 4751. d) S. Xiang, S.; Lu, Z.; He, J.; Hoang, K. L. M.; Zeng, J.; Liu, X.-W. Chem. Eur. J. 2013, 19, 
14047. 
43 Gomez, A. M.; Miranda, S.; Lopez, J. C. Spec. Period. Rep.:, Carbohydr. Chem. 2017, 42, 210.  
44 Reviews sobre la Reacción de Nicholas: a) Nicholas, K. M. Acc. Chem. Res. 1987, 20, 207. b) Teobald, 
B. J. Tetrahedron 2002, 58, 4133. c) Omae, I. Appl. Organometal. Chem. 2007, 21, 318. d) Díaz, D.D.; 
Betancort, J. M.; Martín, V. S. Synlett 2007, 343. 
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Esquema 1.8 Primer ejemplo de Reacción de Nicholas con anisol. 
 
Así pues, la reacción de Nicholas es método útil para la preparación de derivados 
de propargilos sustituidos basada en la estabilidad de los cationes hexacarbonil-(µ-
propargil)-cobalto, e.g. 6 (Esquema 1.8), y con la ventaja adicional de que se evita la 
formación de alenos. 
Desde un punto de vista sintético, la reacción de Nicholas implica la generación del 
complejo de hexacarbonil propargilcobalto 9, (Esquema 1.9) seguida de activación en 
presencia de ácido prótico o ácido de Lewis para generar el cation de Nicholas 10, que 
es capaz de reaccionar con el nucleófilo deseado para generar el derivado cobaltado 11 
con la incorporación del nucleófilo (Nu). Finalmente, la desprotección final del triple 
enlace para generar el derivado 12, se puede llevar a cabo mediante una gran variedad 
de métodos, bien mediante el uso de oxidantes como Fe(NO)3, CAN, Ce2(SO4)3, Et3NO 
o NMO, o por tratamiento con fosfinas, aminas o fluoruro de tetrabutilamonio 
(TBAF).[45] 
Esquema 1.9. Reacción genérica de Nicholas 
 
En relación con la química desarrollada en esta Tesis Doctoral, es también 
pertinente mencionar que se han descrito muy pocos ejemplos de “cationes de Nicholas 
vinílogos”, generados a partir de alcoholes alílicos, e.g. 13 (Esquema 10), y dónde se ha 
                                                
45 Teobald, B. J. Tetrahedron 2002, 58, 4133. 
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observado que el ataque del  nucleófilo se produce, en general, con completa 
regioselectividad sobre la posición más alejada del triple enlace en 14, generándose un 
enino conjugado con alta selectividad E-, e.g. 15 (Esquema 1.10).[46] 
 

















Figura 1.6 Comparación de las reactividades de cationes propargilo dicobalto-
coordinados con otros electrófilos 
                                                
46 a) Padmanabhan, S.; Nicholas, K. M. Tetrahedron Lett. 1982, 23, 2555. b) Shibuya, S.; Isobe, M. 
Tetrahedron, 1998, 54, 6677. c) Álvaro, E.; de la Torre, M. C.; Sierra, M. A. Org. Lett. 2003, 5, 2381. d) 
Álvaro, E.; de la Torre, M. C.; Sierra, M. A. Chem. Eur. J. 2006, 12, 6403. e) Kolodziej, I.; Green, J. R. 
Synlett 2011, 2397-2401. 
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El potencial sintético de los cationes de Nicholas, en comparación con otros 
cationes, ha sido descrito por Mayr y cols.[47] Estos autores estudiaros la cinética de la 
reacción de algunos cationes simples de propargilo estabilizados con 
hexacarbonildicobalto en presencia de una variedad de π-nucleófilos y donadores de 
hidruro (Figura 1.6). 
Estos autores concluyeron que los cationes propargílicos estabilizados con 
hexacarbonil-dicobalto eran un poco menos electrófilos que el ión dianisilmetilo 16 y 
que se comportarían de una manera similar a los iones xantilo 17 y ferrocenilmetilo 18 
(Figura 1.7). 
 
Figura 1.7 Cationes dianisilmetilo 16, xantilo 17 y ferrocenilmetilo 18. 
 
1.6.1 Reacción de Nicholas en Síntesis Orgánica. 
Además de su empleo en la obtención de derivados propargílicos (Esquemas 1.9 y 
1.10), la reacción de Nicholas ha recibido gran atención en Síntesis Orgánica. Dos 
ejemplos recientes de síntesis totales, en los que cationes de Nicholas se hacen 
reaccionar con compuestos aromáticos ricos en electrones, se esbozan en el Esquema 
1.11.[48,49] En ambos ejemplos provenientes del grupo del Prof. Green, la etapa clave de 
la síntesis es una reacción de sustitución electrófila aromática tipo Friedel-Crafts para la 
formación de enlaces C-C. Sin embargo, mientras en el primer ejemplo el catión de 
Nicholas generado a partir del éter de propargilo 20 reacciona con 19 de manera 
intermolecular para generar el derivado arílico 21 (Esquema 1.11A), en el segundo 
ejemplo el acetato propargilico 23 se emplea como precursor de un catión de Nicholas 
que reacciona de manera intramolecular para generar el derivado tricíclico 24 (Esquema 
1.11B). Dichos derivados 21 y 24 fueron subsecuentemente transformados en los 
productos naturales (±)-microstegiol 22 y el derivado tetrametoxilado NSC 51046, 25, 
respectivamente. 
                                                
47 Khun, O.; Rau, D.; Mayr, H. J. Am. Chem. Soc. 1998, 120, 7496. 
48 Taj,	R.	A.;	Green,	J.	R.	J. Org. Chem. 2010, 75, 8258. 




Esquema 1.11. Síntesis totales con formación de enlaces C-C via reacción de Nicholas. 
 
Por otro lado, la reacción de Nicholas ha sido también empleada para la formación 
de enlaces C-O en síntesis totales. Un ejemplo de este tipo de transformaciones se 
incluye en la síntesis de (+)-secosirina 1, 28 (Esquema 1.12).[50] En esta aproximación el 
anillo de tetrahidrofurano en 27 se construyó de manera estereoselectiva por ciclación 
de un catión de Nicholas generado a partir de hidroxilo terciario en el compuesto 26. 
Diferentes transformaciones sintéticas a partir de 27, incluyendo una etapa de 
lactonización condujeron al derivado deseado 28. 
 
Esquema 1.12. Síntesis total de (+)-secosirina 1, 28, via formación de un enlace C-O 
mediante reacción de Nicholas.  
 
                                                
50 Mukai, C.; Moharram, S. M.; Azukizawa, S.; Hanaoka, M. J. Org. Chem. 1997, 62, 8095. 
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Un último ejemplo por el grupo de Victor S. Martin sirve para ilustrar algunas 
virtudes adicionales asociadas al empleo de los complejos de alquinil 
hexacarbonildicobalto en síntesis.[51] La síntesis de (+)-cis-lautisan 37 (Esquema 1.13), 
llevada a cabo por este grupo, implicó una primera reacción de Nicholas entre el 
derivado cobaltado de 1-pentin-3-ol, racémico 29, con (S)-non-1-3-ol 30, para dar el 
éter 31. Descobaltación de 31 con nitrato cérico amónico (CAN) generó un alquino 
terminal, 32, que tras reacción de acoplamiento con bromuro de alilo, catalizada por 
cobre, generó el dieno 33. La formación de un nuevo complejo de 
hexacarbonildicobalto en el alquino disustituido de 33 produjo un nuevo derivado 34, 
en el que se llevó a cabo una reacción de metátesis para la formación del derivado 
cíclico de 8-miembros 35, que se obtuvo como una mezcla de isómeros cis-trans 
(1:1.7). El tratamiento con Montmorillonita K-10 de dicha mezcla, produjo la 
isomerización al derivado cis-35, termodinámicamente más estable, (cis-trans, 17:1). 
Por último, la descomplejación reductiva del grupo hexacarbonil dicobalto con hidruro 
de tributilestaño, descrita por el grupo de Isobe,[52] generó una mezcla isomérica de 
alquenos 36, que fue hidrogenada para obtener (+)-cis-lautisano 37. 
En esta síntesis la formación de derivados de hexacarbonil dicobalto permite: i) la 
formación del éter 31 en condiciones suaves de reacción, ii) la formación del complejo 
combado (en vez de lineal) de hexacarbonil dicobalto[53] en 34, acerca las olefinas 
terminales y facilita la reacción de metátesis, que por otro lado no se ve interferida por 
el triple enlace al estar bloqueado, iii) dado que la reacción de eterificación de Nicholas 
es reversible, se puede llevar a cabo la equilibración de la mezcla cis-35/trans-35 para 
obtener el derivado termodinámicamente más estable (cis-35), y por último iv) la 
desprotección en condiciones reductivas de los derivados de hexacarbonil dicobalto 
permite la transformación en olefinas 36, fácilmente hidrogenables. 
                                                
51 Ortega, N.; Martin, T.; Martin, V. S. Org. Lett. 2006, 8, 871. 
52 a) Hosokawa, S.; Isobe, M. Tetrahedron Lett. 1998, 39, 2609. b) Shibuya, S.; Isobe, M. Tetrahedron 
1998, 54, 6677. 
53 Schreiber, S. L.; Klimas, M. T.; Sammakia, T. J. Am. Chem. Soc. 1987, 109, 5749. 
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Esquema 1.13. Síntesis de (+)-cis-lautisano.  
	
1.6.2 Reacción de Nicholas en hidratos de carbono. 
La aplicación de complejos de alquinil hexacarbonildicobalto en hidratos de 
carbono ha sido también estudiada. Cabe destacar las numerosas contribuciones del 
grupo del Prof. Isobe, como pionero y como principal contribuidor en este área.[54]  
Isobe y col, demostraron que la estabilización de los cationes de Nicholas podía ser 
empleada en la epimerización (anomerización) de un derivado alquinilo en C-1, en 
piranosas, i.e. 39 → 40 (Esquema 1.14).[55] El α-C-glicósido 38, dónde el sustituyente 
en el carbono anomérico (C-1) adopta una disposición pseudo-axial, se obtiene de 
manera estereoselectiva por reacción de Ferrier de triacetil glucal con trimetilsilil-
acetileno, debido al efecto anomérico.[56] La formación del derivado de alquinil 
hexacarbonildicobalto 39 y su posterior tratamiento en medio ácido genera el 
compuesto 40, dónde el sustituyente anomérico adopta una disposición β-pseudo-
                                                
54 Review: Isobe, M.; Nishizawa, R.; Hosokawa, S.; Nishikawa, T. Chem. Commun. 1998, 2665 
55 a) Tanaka, S.; Tsukiyama, T.; Isobe, M. Tetrahedron Lett. 1993, 34, 5757. b) Tanaka, S.; Isobe, M. 
Tetrahedron 1994, 50, 5633. 
56 a) Juaristi, E.; Cuevas, G. Tetrahedron 1992, 48, 5019. b) Box, V. G. S. J. Mol. Struct. 2000, 522, 145. 
c) Curran, D. P.; Suh, Y.-G. Carbohydr. Res. 1987, 171, 161.   
Capítulo 1: Introducción General. 
23 
ecuatorial, termodinámicamente más estable. La descobaltación de 40 (N-óxido de N-
metil morfolina, nitrato cérico amónico, etc..) produjo el β-C-glucosido 41. 
 
Esquema 1.14. Epimerización (anomerización) de C-alquinil D-glucopiranósidos 2,3-
insaturados, mediante el uso de un complejo de alquinilhexacarbonildicobalto. 
 
Otra estrategia sintética relacionada, permitió también el acceso estereocontrolado a 
derivados de oxepano a partir de anillos de piranosa mediante un proceso de apertura de 
anillo y reciclación.[57] El proceso se muestra en el Esquema 1.15, dónde la acetólisis 
del derivado de alquinilhexacarbonildicobalto 42 generó el compuesto de cadena abierta 
43, como una mezcla diastereomérica en C-3. La estrategia requirió un ajuste de grupos 
protectores y posterior cobaltación del grupo sililacetileno (44→45) para generar el 
sustrato para la reacción de Nicholas, precursor del ciclo oxepánico, 45. El tratamiento 
de este derivado con TfOH generó de manera estereoselectiva (en C-3) el derivado 
cobaltado 46, cuya estructura fue asignada en el derivado descobaltado 47. La 
descobaltación (46→47) se llevó a cabo con Yodo sin afectar a la olefina endocíclica. 
Esquema 1.15. Estrategia de apertura de anillo-reciclación para la síntesis de oxepanos 
a partir de piranosas. 
                                                
57 Yenjai, C.; Isobe, M. Tetrahedron 1998, 54, 2509. 
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El grupo de Isobe empleó esta estrategia de ciclación intramolecular para la 
generación del anillo de oxepeno A, en el derivado 49, a partir del derivado bicíclico 48 
(Esquema 1.16). La ciclación, que tuvo lugar de manera estereoselectiva, generó el 
derivado cobaltado 49, que una vez sometido a una reacción de descomplejacion 
reductiva, en presencia de un catalizador de Rh e hidrógeno,[58] generó la insaturación 
endocíclica en el derivado tricíclico 50. Este derivado forma parte de la estructura 
policíclica (ciclos A-M) de ciguatoxina.[59] 
 
Esquema 1.16. Reacción de ciclación para la síntesis de oxepenos. Fragmento ABC de 
ciguatoxina. 
 
Por último, una aplicación adicional de la reacción de Nicholas desarrollada por el 
grupo de Isobe, está relacionada con la Reacción de Ferrier (II), o carbociclación de 
Ferrier.[60,61]  
A modo de introducción, la reacción de Ferrier (II), desarrollada por R. J. Ferrier, 
que difiere de la reacción de Ferrier (I) ó reacción de transposición de Ferrier tratada en 
el Apartado 1.5 de esta Memoria, se encuentra representada en el Esquema 1.17. Esta 
reacción consiste en la conversión estereocontrolada, catalizada por sales de Hg(II), de 
hex-5-enopiran-osidos, e.g. 51, en ciclohexanonas, e.g. 52. La etapa clave de esta 
reacción es la ciclación de un enolato de mercurio C, sobre el grupo formilo en C-1 
presente en el intermedio C (Esquema 1.17). 
                                                
58 Isobe, M.; Yenjai, C.; Tanaka, S. Synlett 1994, 916. 
59 Stake, M.; Morohashi, A.; Oguri, H.; Oishi, T.; Hirama, M.; Harada, N.; Yasumoto, T. J. Am. Chem. 
Soc., 1997, 119, 11 325. 
60 Ferrier, R. J., J. Chem. Soc., Perkin Trans. I, 1979, 1455. 
61 Comprehensive Organic Name Reactions and Reagents, by Zerong Wang. Capítulo 229. Copyright © 
2010 John Wiley & Sons, Inc. 
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Esquema 1.17 Reacción de Ferrier (II) ó de carbociclación de Ferrier. 
 
La variante introducida por el grupo de Isobe se ilustra en el Esquema 1.18.[62] En 
esta nueva transformación, un derivado de C-1 alquinilhexacarbonil dicobalto 54, 
genera por tratamiento en medio ácido un cation de Nicholas intermedio A (Esquema 
1.18) que ataca al enol-éter presente en la misma molécula, para acabar produciendo un 
derivado de ciclohexanona, 55. Curiosamente, el derivado 54 se obtuvo mediante 
reacción de Ferrier (I) de un glical 53, y posterior derivatización de la olefina generada 
en C2-C3.  
Esta transformación (53→55) es aplicable a sustratos relacionados y transcurre con 
rendimientos generalmente elevados. 
 
Esquema 1.18 Reacción de Nicholas en la síntesis de derivados de 1-alquinil 
ciclohexan-5-ona (numeración de carbohidratos). 
                                                
62 Chang, W.-C.; Isobe, M. Tetrahedron 2014, 70, 8324. 
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1.7. Antecedentes en el grupo de investigación. 
1.7.1 Iones oxocarbenio-Nicholas. 
Previo al desarrollo del estudio presentado en esta Memoria, y posiblemente 
relacionado con su origen, en nuestro grupo de trabajo se había investigado por 
separado el comportamiento de los iones tipo oxocarbenio, i.e. 56,[63] y el de sus 
correspondientes iones oxocarbenio-Nicholas, i.e. 57[64] (Figura 1.8). En este contexto, 
el llamado “ión oxocarbenio-Nicholas” 57 podría ser considerado como una 
combinación de iones oxocarbenio, i.e. 58, y cationes de Nicholas, i.e. 59, Figura 1.8. 
 
Figura 1.8 Iones oxocarbenio 56, 58, ión Nicholas-oxocabenio, 57, y cation 
propargilhexacarbonildicobalto 59. 
 
La comparación de los resultados en ambos estudios puso de manifiesto un 
comportamiento radicalmente diferente de las especies 56 y 57, en su reacción con 
aliltrimetilsilano (Esquema 1.19) y 1,3,5-trimetoxibenceno (Esquema 1.20).  
Por un lado, la reacción del C-alquinil cetósido 60 (precursor del catión 56) con 
aliltrimetilsilano en presencia de BF3.OEt2, generó el bis-C,C-glicósido 62, mientras 
que la reacción análoga del C-alquinildicobaltohexacarbonil cetósido 61 (precursor del 
catión 57), generó un intermedio insaturado y dialilado, 63. La reacción de 
descobaltación de este último produjo el bis-C,C-piranósido insaturado 64. Como 
hemos mencionado anteriormente, el derivado alquinil hexacarbonildicobaltado 61, se 
pudo obtener fácilmente a partir del alquino 60 por tratamiento con Co2(CO)8 en 
CH2Cl2.  
                                                
63 a) Gómez, A. M.; Uriel, C.; Jarosz, S.; Valverde, S.; López, J. C. Tetrahedron Lett. 2002, 43, 8935. b) 
Gómez, A. M.; Uriel, C.; Jarosz, S.; Valverde, S.; López, J. C. Eur. J. Org. Chem. 2003, 4830. 
64 Gómez, A. M.; Uriel, C.; Valverde, S.; López, J. C. Org. Lett. 2006, 8, 3187. 
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Cabe mencionar que el resultado esperado en ambos casos, habría sido la formación 
de un bis-C,C-glicósido, y que por tanto la formación del derivado 63 fue inesperada. 
En ambos procesos, la formación de los enlaces C-C tuvo lugar con total 
estereoselectividad, con la entrada del residuo alilado en C-1 en posición pseudo-axial 
(α-) en 62 y 63, y en el caso del sustituyente alílico en C-4, en el derivado 63, con una 
orientación β-.  
 
Esquema 1.19 Reacción de C-glicosidación con aliltrimetilsilano en presencia de 
BF3.OEt2, del C-alquinil cetósido 60 y del sustrato de Nicholas 61.  
 
En cuanto a la reacción con 1,3,5-trimetoxibenceno, de nuevo tanto el compuesto 
60 como el derivado metilado 66 produjeron resultados dispares. Por un lado, la 
reacción de 60 con 1,3,5-trimetoxibenceno mediada por BF3.OEt2 generó un derivado 
de cadena abierta 65, dónde se habían incorporado dos unidades de 1,3,5-
trimetoxibenceno a la posición C-1 (Esquema 1.20). Sin embargo, la reacción análoga 
del derivado de alquinil dicobaltohexacarbonil 66 produjo un glical dónde la 
incorporación de una única molécula de 1,3,5-trimetoxibenceno había tenido lugar, de 
manera estereoselectiva, en C-3, 67. La descobaltación de 67, mediada por yodo 




Esquema 1.20 Reacción de C-glicosidación del C-alquinil cetósido 60 y del sustrato de 
Nicholas 66, con 1,3,5-trimetoxibenceno en presencia de BF3.OEt2.  
 
Referente al curso de reacción propuesto para la formación de los compuestos 62 y 
63 (Esquema 1.19), cabría mencionar que mientras que la formación del derivado 62 
implicaría la esperada reacción del catión anomérico 56 (Figura 1.8) con el nucleófilo 
aliltrimetilsilano, la formación del derivado 63 a partir de 61, requirió la elaboración de 
un curso de reacción más complejo (Esquema 1.21). 
De acuerdo con la propuesta de nuestro grupo de investigación, el derivado 60 por 
tratamiento con ácido generaría un ion oxocarbenio-Nicholas 69, que estaría en 
equilibrio con un ion dioxolanilo cíclico 70. La reacción de este intermedio con un 
nucleófilo en C-4 tendría lugar de manera completamente estereoselectiva (en un 
proceso tipo SN2) y generaría un derivado C-4 sustituido, 71. Una reacción de 
eliminación del sustituyente anomérico (probablemente OH) en 71 generaría un sistema 
tipo “Ferrier-Nicholas” 72, que podría reaccionar en C-1 con la segunda unidad de 
nucleófilo. Esta reacción tipo Ferrier (72 →74), transcurriría por activación del 
sustituyente en C-3, generaría un cation tipo “Ferrier-Nicholas” 73, y la entrada del 
nucleófilo estaría gobernada por el efecto anomérico que sería el responsable de la 
orientación pseudo-axial del sustituyente en C-1 observada en el derivado final 74.  
Capítulo 1: Introducción General. 
29 
 
Esquema 1.21 Propuesta de esquema de reacción para la transformación de alquinil 
glucopiranosas 60 en derivados bis-sustituidos 74.  
 
Esta hipótesis mecanística se había visto reforzada por el hecho de que un derivado 
análogo de D-galactosa 75 (Esquema 1.22), no condujese a este tipo de derivados sino a 
los C-cetósidos 76, probablemente debido a la imposibilidad de formación de iones 
dioxolenio intermedios tipo 70, dada la orientación β- del hidroxilo en C-4 en el 
derivado de D-galactosa. 
 
Esquema 1.22 Reacción catalizada por ácido de C-alquinil galacto-piranosa 75, para 




Referente a la formación del compuesto 68 a partir de 66, mencionada previamente 
(Esquema 1.20), la hipótesis mecanística de nuestro grupo de investigación implicaba 
de nuevo la existencia de un catión intermedio tipo “Ferrier-Nicholas” 78, formado a 
partir de un glical 77, generado ese último a partir de 66 por eliminación. La reacción de 
78 con el nucleófilo tuvo lugar sobre C-3, no tanto por cuestiones relacionadas con 
centros reactivos y nucleófilos “duros” y “blandos”, vide supra, sino probablemente por 
razones de congestión estérica en C-1, a causa del “cluster” dicobaltohexacarbonil con 
alta demanda estérica. Posiblemente, esta congestión estérica sobre C-1, en el 
intermedio 78, sería la responsable de que el (voluminoso) 1,3,5-trimetoxibenceno se 
aproximase preferentemente a C-3 (regioquímica) en una disposición “anti” con 
respecto al sustityente sobre C-4.  
 
Esquema 1.23 Reacción de C-alquinil galacto-piranosa 75, para dar un bis-C,C-
galactósido 3-desoxi-3-aril glical, 68. 
 
Como ha quedado reflejado, en estos estudios se había planteado la existencia de 
cationes alílicos 73 y 78, con un sustituyente alquinil hexacarbonildicobalto sobre C-1. 
A estos intermedios, que habían mostrado un comportamiento inusual, se les había 
denominado en nuestro grupo como cationes alílicos de tipo Ferrier-Nicholas,[65] y 
propiciaron los estudios llevados a cabo en esta Memoria de Tesis Doctoral. 
 
1.7.2 Iones Ferrier-Nicholas. 
De acuerdo con lo mencionado en el apartado anterior, en el grupo de investigación 
se llevó a cabo la síntesis de los derivados 79, como precursores de cationes tipo 
Ferrier-Nicholas 80, relacionados con los cationes postulados 73 (Esquema 1.21) y 78 
                                                
65 Gomez, A. M.; Uriel, C.; Valverde, S.; Lopez, J. C. Org. Lett. 2006, 8, 3187. 
Capítulo 1: Introducción General. 
31 
(Esquema 1.23). Los estudios preliminares llevados a cabo incluyeron la síntesis y el 
estudio de las transformaciones de los derivados 80a y 80b.[66] 
 
Esquema 1.24 C-Alquinil glical 79 y su transformación en el derivado 80. 
 
1.8. Objetivos de la Tesis Doctoral. 
De acuerdo con lo mencionado anteriormente, se fijó como objetivo general de esta 
Tesis doctoral el ahondar en el comportamiento, y posibilidades sintéticas de varios 
tipos de cationes tipo Ferrier-Nicholas. Más concretamente, se pretendió:  
1) completar estudios que se estaban llevando a cabo en el grupo de investigación 
sobre derivados de C-1 hexacarbonilalquinil dicobalto, i. e., 80. En este contexto, los 
estudios que se muestran en el Capítulo 1 son continuación de investigaciones llevadas 
a cabo por el Dr. Fernando Lobo Palacios sobre el sistema 80, y mi participación se 
centró en la extensión de algunas de estas reacciones a la síntesis orientada a diversidad, 
así como la evaluación de la reactividad de los derivados sin cobalto, i.e. 79 (Esquema 
1.24). Estos estudios se encuentran detallados en el Capítulo 2 y, en un contexto más 
general, en el Anexo III de esta Tesis Doctoral;[67]  
2) llevar a cabo estudios sobre un nuevo sistema de Ferrier-Nicholas en derivados 
de C-3 hexacarbonilalquinil dicobalto, i. e., 82, cuya preparación a partir de las 
enonas 84, via 83, había sido puesta a punto por el Dr. Fernando Lobo Palacios 
(Esquema 1.25). En este apartado, se ha evaluado la reactividad de los cationes Ferrier-
Nicholas tipo 81, en presencia de nucleófilos. Como en el apartado anterior, hemos 
dedicado también atención a la reactividad de los correspondientes alquinos 
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Esquema 1.25 Glicales con sustituyentes hexacarbonilalquinil dicobalto en C-3, i.e. 82, 
como precursores de cationes Ferrier-Nicholas sustituidos en C-3, i.e. 81. Síntesis a 
partir de enonas 84. 
 
3) En el apartado siguiente de esta Tesis, Capítulo 4, se describen nuestros estudios 
encaminados a diseñar un sistema de Ferrier-Nicholas que permitiese la generación de 
derivados di-funcionalizados tipo 85 (Esquema 1.26). Entre los productos de partida que 
se consideraron para acceder a estos derivados, planteamos los C-1 
hexacarbonilalquinil dicobalto ramificados en C-2, 86 y 87. Los precursores de estos 
sistemas 2-C-sustituidos, 88 y 89, están inspirados, en sistemas  de tipo “exo-Ferrier” 
que incorporan adicionalmente un resto alquinilo en C-1,  
 
Esquema 1.26 Diseño de un sistema Ferrier-Nicholas conducente a derivados bis-
funcionalizados 85  
 
4) Por último, en el Capítulo 5, se incluye una publicación resultante de mi estancia 
predoctoral en el laboratorio de la Prof. Carmen Galán, en la Universidad de Bristol 
(Reino Unido). Esta contribución es relevante en el contexto de la química de los 1,2-
glicales de piranosas, y pensamos que serviría para complementar mis estudios en la 
reacción de transposición de Ferrier. En efecto, aunque la reacción más comúnmente 
empleada de glicales de piranosa es la sustitución alílica con transposición, o reacción 
de Ferrier [a) Esquema 1.27], en mi estancia en Bristol participé en el estudio de la 
adición 1,2 a glicales catalizada por ácido que conduce a derivados de 2-desoxi-
glicósidos es también de interés [b) Nu=OR, Esquema 1.27].[68] En este estudio, se 
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Esquema 1.27 Reacciones de 1,2-glicales: transposición de Ferrier a); y adición 1,2 

















a) Sustitución alílica con transposición
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2.1 Introducción 
En la publicación que se muestra a continuación se detallan los resultados del 
estudio de las transformaciones sintéticas de los glicales 1 y 2, con un sustituyente C-
dicobaltohexacarbonil-alquinil en C-1. 
Antes de mi incorporación al grupo de investigación, se había puesto a punto la 
síntesis de los compuestos 1a-c (Figura 2.1) a partir de tri-O-acetil-D-glucal 
(comercialmente asequible), y se habían llevado a cabo estudios preliminares sobre la 
reactividad de los compuestos 1a y 1b. Durante mi Tesis Doctoral llevé a cabo la 
síntesis del derivado 1d, así como la preparación de los compuestos 2a y 2b, y el 
compuesto 3. Los derivados 6-O-alilados, 1d y 2b, se prepararon para su evaluación en 
reacciones de ciclación tipo Pauson-Khand. Por otro lado, los derivados 2a y 3, se 
prepararon para estudiar la influencia en la reactividad de este tipo de compuestos, del 
sustituyente sobre la posición terminal del alquino en C-1. Por último, se evaluó el 
comportamiento del 6-hidroxi derivado 1c, en reacciones catalizadas por ácido. En estas 
reacciones, el hidroxilo en C-6 se comportó como nucleófilo en procesos de ciclación 
intramolecular, conduciendo a derivados tetrahidrofuránicos sustituidos. 
Figura 2.1. Glicales estudiados.  
Estos estudios, junto con los resultados preliminares obtenidos por el Dr. Fernando 
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A Substrate-Based Approach to Skeletal Diversity from Dicobalt 
Hexacarbonyl (C1)-Alkynyl Glycals by Exploiting Its Combined 
Ferrier–Nicholas Reactivity** 
Fernando Lobo, Ana M. Gómez,* Silvia Miranda, and J. Cristóbal López*
In Memory of Robert J. Ferrier 
Abstract 
Novel substrates that combine dicobalt hexacarbonyl propargyl (Nicholas) and 
pyranose-derived allylic (Ferrier) cations have been generated by treatment of 
hexacarbonyldicobalt (C-1)-alkynyl glycals with BF3.Et2O. The study of these cations has 
resulted in the discovery of novel reaction pathways that have shown to be associated 
to the nature of O-6 substituent in the starting alkynyl glycals. Accordingly, compounds 
resulting from ring expansion (oxepanes), ring contraction (tetrahydrofurans), or 
branched pyranoses, by incorporation of nucleophiles, can be obtained from 6-O-
benzyl, 6-hydroxy, or 6-O-silyl derivatives, respectively. The use of a 6-O-allyl alkynyl 
glycal led to a suitable funtionalized oxepane able to experience an intramolecular 
Pauson–Khand cyclization leading to a single tricyclic derivative. 
Introduction 
Diversity-oriented synthesis (DOS), as formulated by Schreiber and co-workers,[1] 
emerged as the chemists’ response to the need to generate libraries of structurally 
diverse small molecules in an efficient manner.[2] This development had followed the 
recognition of the ability of small molecules to interact with macromolecules, and to 
function as critical components on a variety of cellular processes.[3] From a synthetic 
standpoint, the DOS central aim is the efficient generation of structural diversity and 
complexity.[4] Structural diversity, in its turn, has been divided into four main 
components: appendage, functional group, stereochemical, and skeletal diversities.[3] 
The latter, skeletal diversity,[5] can be achieved mainly by two strategies: the “reagent-
based approach”, which involves exposure of one common starting material to 
different reagents,[6] or the “substrate-based approach” in which different starting 
materials, containing pre-encoded information,[5a] are subjected to a common set of 
reaction conditions resulting in different skeletal outcomes.[5d, 7]
On the other hand, carbohydrates have already shown their usefulness in DOS. For 
instance, the Ferrier,[8] and Pauson–Khand,[9] reactions were exploited early on with a 
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glycal template to gain access to a library of tricyclic compounds,[10] a glycal-derived 
scaffold was also used to generate highly substituted tetrahydrofurans,[11] and more 
recently the reaction of 2-C-formyl glycals[12] with various dinucleophiles has led to 
pyrimidine-, pyrazole- and pyrazolopyrimidine-based “carbohybrids” on route to fused 
triazole scaffolds.[13]
Our research group has been interested in the generation of carbohydrate-based 
libraries, and we have already addressed the issue of appendage diversity in furanose 
templates.[14, 15] More recently, we have turned our attention to the generation of 
skeletal diversity from pyranose-derived glycals.[16] Our approach, to skeletal diversity, 
relies on a substrate-based strategy of pre-encoded starting materials rather than on a 
reagent-based protocol.[1e]
In this work, we have studied the behavior of Nicholastype[17, 18] Ferrier (allylic) 
cations 2,[8] generated from differently (O-6)-substituted dicobalt hexacarbonyl (C-1)-
alkynyl glycals, that is, 1, by treatment with BF3.Et2O, in the context of the generation 
of skeletal diversity (Scheme 1). The design of compound 1 was based on previous 
findings from our research group, which had shown that stabilization of the anomeric 
oxocarbenium ion by an adjacent Nicholas-type dicobalt hexacarbonyl alkyne group, 
might lead to unexpected reaction pathways.[19] In fact, we have found that the O-6 
substituent in these glycals (1) can play a key role in determining the outcome of the 
transformations, and we disclose herein how compounds 1 can react, in a 
stereocontrolled manner, to give oxepanes, substituted tetrahydrofurans, 
tetrahydropyrans containing two distinct heterocycles, as well as bicyclic or tricyclic 
compounds, by changes in the R2-O-6 substituent. 
Scheme 1. Ferrier allylic cation (boxed) and Nicholas cation (circled), generated from C-
1-alkynyl glycal 1, are connected in a single molecule 2. 
Capítulo 2: Chem. Eur. J. 2014, 20, 10492–10502.
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Results and Discussion 
Synthesis of the starting alkynyl glycals 
The alkynyl glycal precursors of the corresponding dicobalt hexacarbonyl 
derivatives 1, were readily prepared from tri-O-acetyl-D-glucal (3) by synthetic 
sequences consisting of four or five steps, depending on the substituent at O-6 
(Scheme 2). Accordingly, C-1-alkynyl tri-O-benzyl-D-glucal derivatives 6, and 6-O-silyl 
derivatives 9, were prepared by PCC oxidation of intermediates 4 and 7, leading to 
lactones 5 and 8, respectively,[20] followed by a sequence of lithium acetylide-
addition/POCl3-mediated elimination.[21]
Scheme 2. Synthesis of C-1 alkynyl glycal derivatives 6 and 9 from tri-O-acetyl-D-glucal 
3. 
Additional substrates were prepared from compound 9a, by tetrabutylammonium 
fluoride (TBAF)-mediated silyl deprotection leading to 6-hydroxy derivative 10a and 
subsequent alkylation. In this manner, a range of benzyl-type protecting groups with 
different electronic properties in the aromatic ring were introduced by conventional 
etherification, to afford derivatives 11 a–g (Table 1). 
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Table 1. Synthesis of C-1-alkynyl glycal derivatives 11a-g from 9a. 
Finally, incorporation of the dicobalt hexacarbonyl group was carried out by 
treatment of the corresponding alkynyl glycal with Co2(CO)8 in dichloromethane at 
room temperature (1 h, > 70 % yield; Figure 1). 
Figure 1. Dicobalt hexacarbonyl alkynyl glycals 12–15 obtained by cobaltation of 6, 9, 
10 and 11 (Co2(CO)8, CH2Cl2, room temperature, 1 h). 
Reactivity and transformations of 6-O-benzyl derivatives 
We first examined the reaction of 12a with allyltrimethylsilane in the presence of 
BF3.Et2O (-20 ºC, CH2Cl2). Two compounds were obtained in this reaction, a C-3-allyl 
derivative 16, and an oxepane 17a, devoid of any allyl substituent (Scheme 3). The 
Capítulo 2: Chem. Eur. J. 2014, 20, 10492–10502.
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structural assignment of compound 17a was based on its NMR spectroscopy data, and 
the stereochemistries at C-2 and C-3 (oxepane numbering) were determined on the 
basis of a large coupling constant J2,3=10.2 Hz, and observed NOEs between H-2, H-7ax, 
H-4ax and C6-OH (Scheme 3).[22] The C-3 configuration in compound 16 was based on a 
NOESY experiment carried out on a derivative obtained therefrom, vide infra.[23]
Scheme 3. Reaction of C-1 alkynyl glycal 12a with allyltrimethylsilane in the presence 
of BF3.Et2O. 
Owing to our interest in oxepane 17a, we repeated the reaction of 12a with 
BF3.Et2O in the absence of allyltrimethylsilane (Table 2).[24, 57] This reaction led to two 
compounds, oxepane 17a and 1,6-anhydro-derivative 18a. By comparing these 
derivatives, we noticed that both were C-3-deoxy derivatives whose O-6 benzyl groups 
had suffered an alteration. In compound 17a the 6-O-benzyl group had been involved 
in a cyclization process, whereas the benzyl group in derivative 18a had been lost. 
These observations led us to consider a hydrolytic step in the genesis of 18a. In 
agreement with our hypothesis, the relative ratio 17a/18a proved to be highly 
dependent on the water content in the reaction media. For instance, when the 
reaction was carried out in the presence of molecular sieves, oxepane 17a was the 
major reaction product (61% yield), whereas addition of H2O (2.0 equiv) reversed this 
situation and bicyclic derivative 18a became the major reaction product (67% yield; 
Table 2, compare entries 1 and 2).In this context, the basicity of the molecular sieves 
along with its dehydrative effect might be responsible for the increase in oxepane 
formation.[25] From these considerations we have been able to advance a preliminary 
mechanistic rationale, which has now been completed with data from additional 
experiments (Scheme 4).[57] 
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Table 2. Reaction of C-1-alkynyl glycal 12a with BF3.Et2O[a]
[a] Reaction conditions: 12a (0.1 mmol), BF3.Et2O (1.2 equiv), -20 ºC, CH2Cl2, 1 h. [b] 
Isolated yield. 
Scheme 4. Proposed reaction pathways for the formation of 17a and 18a.[57]
The transformation begins with a 1,6-hydride transfer from the 6-O-benzyl group 
to C-3 in cation 2 (R1=Bn, R2=Ph),[26, 27] to generate an oxocarbenium ion, 19. The latter 
might evolve through two different routes: 1) hydrolysis and loss of benzaldehyde to 
give 6-hydroxy derivative 20, (which in some instances has been isolated from the 
Capítulo 2: Chem. Eur. J. 2014, 20, 10492–10502.
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reaction media) that by protonation, onto the activated enol-ether-type bond, would 
give a pyranosidic Nicholas-oxocarbenium ion 21, the cyclization of which would lead 
to 1,6-anhydro derivative 18a; 2) a Prins type cyclization,[28–30] will give raise to bicyclic 
Nicholas-oxocarbenium ion 22, and thence hemiketal 23, the ring opening of which 
could lead to oxepane hydroxy-ketone 17a.[31] The cyclization step followed by 
hemiketal formation, that is, 19→22→23, can be formally considered as a two-step 
electrophilic addition (AdE) to an alkene bearing an adjacent cation stabilizing group.[32, 
33] In recent supporting experiments, we have shown that oxepane 17a can evolve to 
1,6-anhydro derivative 18a upon treatment with BF3.Et2O (Scheme 5a), thus implying 
reversibility in the steps 17a→23→22→18a, which could be regarded as a 
retroketalization followed by a retro-Prins fragmentation (Scheme 4).[34] Furthermore, 
treatment of 6-hydroxy derivative 20 with benzaldehyde in the presence of BF3.Et2O 
led to compounds 17a and 18a (Scheme 5b), then demonstrating the reversibility in 
the transformation 19→20, and the feasibility of the Prins cyclization in an 
intermolecular variant. Finally, treatment of 18a with benzaldehyde in the presence of 
BF3.Et2O did not result in any transformation, leaving the 1,6-anhydro derivative 
unchanged (Scheme 5c). 
Scheme 5. Supporting experiments regarding the proposed reaction pathway. 
Two new stereogenic centers are generated in the overall process leading to 
oxepane 17a, both of them in the Prins-type cyclization (Scheme 4): the stereogenic 
center at C-2 (carbohydrate numbering) is dictated by geometric restrictions, whereas 
the stereocenter at C-6’ (carbohydrate numbering) is consequence of a preferred 
rotamer (as displayed in 19, Scheme 4), which locates the aryl residue away from the 
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bulky dicobalt hexacarbonyl alkynyl moiety in the transition state leading to 
cyclization, that is, 19→22 (Scheme 4). 
In agreement with the proposed reaction pathway, the experiments outlined in 
Table 3 serve to illustrate the effect of the O-6 substituent in the ratio oxepane 
(24)/1,6-anhydro derivative (18a). Thus, in general, better yields of oxepane are 
observed with electron-withdrawing substituents in the aromatic residue at O-6 (Table 
3, entry 5). Conversely, electron donating substituents in the aromatic ring cause a 
reduction in the amount of oxepane formed (Table 3, entries 1–3). p-Iodo and p-
bromo-benzene derivatives 13g and 13f, respectively, gave moderate yields of 
oxepanes (Table 3, entries 6 and 7). Naphthyl derivative 13d, displayed a behavior 
similar to that of the parent phenyl derivative 12a in terms of yields (Table 3, entry 6). 
These results are in agreement with the proposed reaction pathway, in which even 
though the electron-donating group will favor the 1,6-hydride transfer step, that is, 
2→19 (Scheme 4), they will also render oxocarbenium ion 19, less electrophilic, thus 
disfavoring the cyclization step, that is, 19→22. 
Table 3. BF3.Et2O induced reaction of alkynyl glycals 13 to oxepane 24 and 1,6-
anhydro derivative 18a.[a]
[a] Reaction conditions: 13 (0.1 mmol), BF3.Et2O (1.2 equiv), 4 Å MS, -20 ºC, CH2Cl2, 1 h. [b] 
Isolated yield. 
Capítulo 2: Chem. Eur. J. 2014, 20, 10492–10502.
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Improving the oxepane yield: the effect of the substituent at the alkyne terminal 
position 
Even though enhanced electron density at the aromatic O-6 substituent in glycals 
12a and 13a–g, could improve oxepane/1,6-anhydro-derivative ratios (Table 3), we 
have found that substitution at the terminal alkyne position also has a marked 
influence in the outcome of the reaction (Table 4).[57] Accordingly, by replacing the 
terminal phenyl group in the alkyne, as in 12a, by a hexyl group, 12c, or a H atom, 12d, 
we have observed an increase in the amount of oxepane formed as well as in the ratio 
oxepane/1,6-anhydro derivative, going from 2.6:1, to 4:1 and to 11:1, respectively 
(Table 4). 
Table 4. Effect of substitution at the alkyne terminal position.[a]
[a] Reaction conditions: 12 (0.1 mmol), BF3.Et2O (1.2 equiv), 4 Å MS, -20 ºC, CH2Cl2, 1 h. [b] Isolated 
yield.[57]
In our opinion, this effect seems to be related with the reversion step of 
oxepane→1,6-anhydro derivative (e.g., 23→22→19, Scheme 4). In favor of this 
hypothesis is the fact that whereas oxepane 17a undergoes a complete transformation 
into 1,6-anhydro derivative 18a in a few hours (Schemes 4 and 6), oxepane 17d does 
not evolve completely to 1,6-anhydro derivative 18d, even after 7 days of reaction 
(18d/17d, 7:1 ratio, Scheme 6). We hypothesize that the higher electrophilicity of the 
Nicholas cation arising from the unsubstituted alkyne compared to the cation from the 
alkyne with the terminal phenyl substituent,[35] would render the ionization of 
hemiketal, leading back to the corresponding Nicholas cation, more difficult, for 
example, 23→22 (Scheme 4). 
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Scheme 6. Reaction of oxepanes 17a and 17d in the presence of BF3.Et2O. 
Skeletal diversity from oxepanes: tandem Ferrier–Nicholas reaction/Pauson–Khand 
cyclization 
Even though hexacarbonyl dicobalt complexes are now accepted as a new class of 
cytotoxics,[36] these cobalt adducts of alkynes are rarely intended as the final synthetic 
targets. Thus, they are normally submitted to decobaltation to regenerate the alkyne 
moiety. However, a more appealing strategy, which has been used in some instances, 
involves their use in further synthetic endeavors, such as the Pauson–Khand 
reaction.[37]
In this context, and considering the cation-stabilizing ability of allyl groups in 
hydride-transfer processes, we decided to test the reaction of complexes 26a and 26d
obtained by cobaltation of 6-O-allyl derivatives 25a and 25d (Scheme 7). When 
submitted to our standard reaction conditions, allyl derivatives 26a and 26d were 
consumed in less than 1 h, and provided the corresponding oxepane 27 and 1,6-
anhydro derivative 18 in good combined yields. Consistent with the previously 
observed effect of the substituent at the alkyne terminal position, compound 26d, with 
an unsubstituted terminal alkyne, gave rise to a higher amount of oxepane 27d
(oxepane/1,6-anhydro derivative, 10.5:1) than that generated from the aryl-
substituted alkynyl derivative 27a (oxepane/1,6-anhydro derivative, 1.1:1; Table 5). 
Capítulo 2: Chem. Eur. J. 2014, 20, 10492–10502.
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Scheme 7. Synthesis of dicobalthexacarbonyl alkynyl 6-O-allyl glycals 26. 
Table 5. Effect of substitution at the alkyne terminal position in allyl derivatives.[a]
[a] Reaction conditions: 26 (0.1 mmol), BF3.Et2O (1.2 equiv), 4 Å MS, -20 ºC, CH2Cl2, 1 h. [b] Isolated yield. 
With these compounds in hand, we tackled the intramolecular Pauson–Khand 
reaction of oxepane 27a. The thermal reaction in the presence of cyclohexylamine 
(CyNH2) did not result in the formation of any tricyclic derivative (Table 6, entry 1). The 
use of N-methylmorpholine N-oxide (NMO), which has been recommended for 
Pauson–Khand reactions of electron deficient alkynes,[38] gave better results, with the 
hydrated reagent giving improved yields (Table 6, compare entries 2 and 3). Finally, 
best results were obtained with trimethyl-amine N-oxide (TMANO; Table 6, entries 4–
7),[39, 40] and again the use of the hydrated reagent at low temperature led to improved 
yields (Table 6, entry 7, 49 % yield). On the contrary, treatment of hexacarbonyl 
dicobalt compound 27d, under similar reaction conditions did not give any Pauson–
Khand adduct. 
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Table 6. Pauson-Khand reaction of hexacarbonyl dicobalt derivative 
27a. 
[a] Isolated yield. 
Finally, it was of interest to test whether the synthetic sequence Ferrier–
Nicholas/Prins cyclization/Pauson–Khand reaction, that is, 26a→27a→28, could be 
carried out in a one-pot operation.[41] To this end, we treated hexacarbonyl dicobalt 
derivative 26a, with BF3.Et2O and, after acid quenching (NEt3) with TMANO.2H2O. 
Eventually, after some tuning of reaction conditions, tricyclic derivative 27 could be 
obtained in 7% yield (Scheme 8). Although the yield obtained is low, it is worth 
mentioning that the overall process involves the formation of three new rings, four 






















Scheme 8. One-pot transformation of 26a into tricyclic derivative 28. 
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Attempted tandem Ferrier–Nicholas/Friedel–Crafts reactions 
Related to tandem Nicholas/Pauson–Khand processes, some groups have also 
reported Friedel–Crafts reactions in combination with Nicholas transformations to gain 
access to cyclic derivatives.[42] In order to explore this avenue we first studied the 
reduction of ketone 17a to the corresponding hydroxy-derivative. However, even 
though related transformations have been described using DIBAL-H as the reducing 
agent,[43] we were unable to obtain such diol upon treatment with DIBAL-H, NaBH4 or 
HSnBu3. 
Alternatively, treatment of ketones 17a and 24b with a reducing system composed 
of a Lewis acid and a hydride donor, which could have led directly to tricyclic derivative 
30, resulted instead in the formation of bicyclic derivatives 31 and 32 (Table 7). 
Compound 31 could be obtained as single derivative (Table 7, entry 1) or as a 
diastereomeric mixture at C-1 (carbohydrate numbering) depending on the reagents 
system (Table 7, entries 2–4). 
Table 7. Reduction of Keto-oxepanes with Lewis acid/hydride donors. 
[a] Diastereomeric ratio at C-1. [b] This reaction was conduced at RT. [c] This reaction was 
conduced at -50 ºC. 
The formation of compounds 29 and 30 from oxepanes 17a and 24b, respectively, 
can be explained, according to our proposed general pathway (Scheme 4), by 
reduction of hemiketal intermediates formed by a keto-alcohol/hemiketal equilibrium 
(e.g., 17a→23, Scheme 4). Despite the fact that we have been unable to develop a 
tandem Ferrier–Nicholas/Friedel–Crafts reactions to access tricyclic derivatives, the 
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bicyclic derivatives obtained from these oxepanes are valuable compounds displaying 
skeletal diversity. 
Reactivity and transformations of 6-O-triisopropylsilyl derivatives 
Since the formation of oxepanes, and derivatives therefrom, appeared to be 
triggered by benzyl- or allyl-type substituents at O-6 in hexacarbonyl dicobalt alkynyl 
glycals, a whole different reactivity could be induced in these derivatives by modifying 
the substituent at O-6. In this context, we studied the reaction of 6-O-triisopropylsilyl 
hexacarbonyl dicobalt derivative 14 towards nucleophiles in the presence of BF3.Et2O, 
at -20 ºC. The reaction of 14 with hetaryl derivatives or allyltrimethylsilane proceeded 
in a completely regioselective manner to give 3-C-substituted glycal derivatives 31a–e, 
in moderate to good yields (Table 8).[57] The stereoselectivity of the process proved to 
be high, leading almost exclusively to 3-C-α-isomers (Table 8). The reaction of 14 with 
pyrrole was carried out at -78 ºC (Table 8). 
Tabla 8. Reaction of 14 with nucleophiles at -20 ºC in presence of BF3.Et2O.[a]
[a] Reaction conditions: 14 (0.1 mmol), BF3.Et2O (1.0 equiv), Nu (3 equiv), -20 ºC, CH2Cl2, 1 h. [b] This 
reaction was conducted at -78 ºC. [c] Compound 31e consited of a 3.5:1 mixture of C-3 epimers that 
could not be separated, the major isomer is shown.[57]
Capítulo 2: Chem. Eur. J. 2014, 20, 10492–10502.
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On the other hand, treatment of trimethoxybenzene with 14, under identical 
reaction conditions to those in Table 8, afforded open-chain derivative 32 in moderate 
yield (Scheme 9a). The formation of 32 might be explained through a regio- and 
stereo-selective substitution at C-3 followed by hydration of the glycal double-bond 
and subsequent ring-opening. In this connection, we had previously noted a related 
behavior in the C-glycosylation of C-ketosides with trimethoxybenzene leading to 
open-chain derivatives, more likely related with the bulkiness of the reagent and the 
tertiary nature of C-1.[44] Nucleophilic substitution at C-1 was observed upon treatment 
of 14 with TMSCN to furnish bis-C,C-glycoside 33 in good yield (Scheme 9b). Treatment 
of 14 with TMSN3 generated a complex mixture. 
Scheme 9. Reaction of hexacarbonyl dicobalt derivative 14 with trimethoxybenzene 
and trimethylsilyl cyanide. 
Some studies dealing with the influence of the nucleophile in its site-selective 
incorporation to allylic/propargylic Nicholas-type cations have appeared.[45, 46] In 
particular, reports from Green’s group on cyclic allylic/propargylic cations have shown 
that even though the site remote to the alkyne-Co2(CO)6 moiety (γ-site, C-3 
substitution in our study) was the kinetically preferred one for most nucleophiles, 
increasing amounts of a products (C-1 derivatives) were obtained with more 
nucleophilic reagents.[46] Accordingly, the higher nucleophilicity of TMSCN (along with 
its small size)[47] will be responsible for the observed regioselectivity in the formation 
of 33. 
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Three-component reactions of 6-O-triisopropylsilyl derivatives: access to 
carbohydrate frameworks containing two distinct heterocycles 
Some of the transformations disclosed in this work have emphasized the high 
nucleophilic nature of the glycal double bond on hexacarbonyl dicobalt alkynyl 
containing compounds, for example, 20→21, 19→18a (Scheme 4). In this context, C-3 
branched derivatives 31 still possess a reactive glycal double-bond, and we have 
explored its reactivity in two-step electrophilic addition processes (AdE).[48] We first 
came across this possibility when treatment of glycal 14 with pyrrole (2.9 equiv) in the 
presence of BF3.Et2O (1.0 equiv) at -20 ºC, afforded a mixture of monopyrrole and 
dipyrrole derivatives 31f and 34, respectively (Table 9, entry 3). Higher temperatures 
led to decomposition of the reaction mixture (Table 9, entry 4), whereas lowering the 
reaction temperature permitted access to increasing amounts of monosubstituted 31f
(Table 9, compare entries 1–3). Compound 34 was isolated as a unique stereoisomer, 
thus indicating that the AdE takes place in a completely regio- and stereo-selective 
manner. 



















[a] Reaction conditions: 14 (0.1 mmol), BF3.Et2O (1.0 equiv), Nu (2.9 equiv), CH2Cl2, 1 h. [b] 
Descomposition of the reaction mixture was observed. 
The potential of pyrrole to act as a “second” nucleophile (C-1) was tested in acid-
catalyzed reactions of C-3 substituted derivatives 31a–e (Table 10). Accordingly, C-3-
allyl derivative 31a, reacted with pyrrole in the presence of BF3.Et2O to give C-3-allyl 
bis-C,C-glycoside 35a in 74% yield (Table 10, entry 1). The structure of 35a was 
unambiguously assigned on the basis of 2D NMR spectroscopy experiments. The 
stereochemistries at C-3 and C-1, in compound 35a were unequivocally assigned based 
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on NOESY correlations of H-5 with the C-3 allyl protons and the pyrrol NH. Likewise, 
treatment of C-3-hetaryl glycals 31b–e, with pyrrole yielded derivatives 35b–e, which 
contains two distinct heterocycles, in moderate to low yields. The low yields in the 
generation of some of the derivatives are probably associated with side-reactions of 
furan and pyrrole due to their tendency to polymerize in acid-catalyzed processes.[49] 
No systematic screening of Lewis acids has been made to optimize these results, 
however, replacement of catalyst BF3.Et2O with triphenylphosphine hydrobromide 
(TPHB)[50] resulted in an increased yield in the preparation of 35c (Table 10).[51, 57] 
Tabla 10. Reaction of 31 with pyrrole at -20 ºC in presence of BF3.Et2O. 
[a] The reaction was conducted at RT. [b] BF3.Et2O was replaced by trphenylphophine hydrobromide 
(TPHB) compound 35c was obtained, after 6 h at -20 ºC, in 20% yield.[57]
Finally, we have found that the addition of two nucleophiles to dicobalt 
hexacarbonyl glycal 14, can be carried out as one-pot sequential operations. 
Accordingly, glycal 14 was treated with N-methyl pyrrole or furan and, after TLC 
showed complete disappearance of 14, with pyrrole to give branched pyranosides 35d
or 35e, respectively, with yields comparable to those obtained in the two-step 
synthesis (Scheme 10). 
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Scheme 10. One-pot sequential synthesis of branched pyranosides 35d,e from 14. 
Reactivity and transformations of 6-OH derivatives 
The study of 6-hydroxy derivatives was also of interest since one of the most 
extended applications of the Nicholas reaction consists in the intramolecular trapping 
of hydroxyl groups to obtain oxacycles of various sizes.[17d] On the other hand, 
according to literature precedents and our above-mentioned results, Ferrier-type 
substrates, e.g. 15, could give rise upon treatment with BF3.Et2O to isomeric allylic 
oxacycles A[52] or B[53] by intramolecular trapping at either end of the allylic cation by 
the 6-OH nucleophile (Scheme 11). 
Scheme 11. Hypothetical Ferrier reaction of 6-OH derivative 15, leading to 1,6- or 1,3-
anhydro derivatives A or B, respectively. 
Treatment of hydroxy-derivative 15 with BF3.Et2O in CH2Cl2 at -20 ºC, however, did 
not produce any of the expected allylic oxacycles but resulted in the formation of C-3 
epimeric-1,6-anhydro, derivatives (36 and 37) along with ring contraction product 38
(Scheme 12). The relative proportion of these three derivatives proved to vary with the 
reaction time (Scheme 12). Prolonged reaction times seemed to favor formation of 
higher amounts of 38 (45 min, 70% yield compared to 15 min, 36% yield) over 36 and 
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37, whereas short reaction times led to a more uniform distribution of reaction 
products 36, 37, 38 (Scheme 11). In addition, the formation of branched 
tetrahydrofuran 38 proved to be irreversible, since it remained unchanged upon 
treatment with BF3.Et2O. On the contrary, treatment of bicyclic derivative 37 under 
related reaction conditions generated a reaction mixture analogous to that of 15.[54] 
The reaction pathway accommodating these results would occur by Lewis-acid 
activation of glycal 15, which induces the departure of benzyl alcohol to generate 
Ferrier–Nicholas cation 39 (Scheme 12). The latter can then react with either the 
departed benzyl alcohol or with the 6-OH group. Intramolecular cyclization at C-3 in 
cation 39 will yield bicyclic glycal 41, which after hydration to hemiketal 42, and 
retroketalization will, irreversibly, produce branched tetrahydrofuran 38. On the other 
hand, stereorandom intermolecular Ferrier-type reaction of 39 with benzyl alcohol will 
give rise to epimeric glycals 15 and 40, from which 1,6-anhydro derivatives 36 and 37
could be obtained, respectively, by intramolecular glycosylation.[55]
Scheme 12. Proposed reaction pathway for the formation of 36, 37 and 38 from 6-
hydroxy glycal 15. 
A comparison of the “expected”[52] versus observed results in the reaction of 
compound 15 indicated that its reactivity was again modified by the presence of the 
alkynylhexacarbonyl dicobalt substituent at C-1. 
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Conclusion 
We have shown that vinylogous Nicholas cations[56] constructed from dicobalt 
hexacarbonyl (C-1)-alkynyl glycals, lead to novel Ferrier-Nicholas cations that can be 
used to generate skeletal diversity.[57] The overall process, is then a substrate-based 
approach where the substituent at C-6 carries the pre-encoded information. The 
reaction of 6-O-benzyl alkynyl-glycal derivatives mediated by BF3.Et2O granted access 
to a mixture of oxepane and 1,6-anhdro derivatives. The overall process has been 
demonstrated to proceed by 1,6-hydride transfer followed by a multistep sequence of 
reversible reactions involving, Prins cyclization, retroketalization of the ensuing 
hemiketal, and ring expansion. Appropriate structural modifications at the terminal 
alkyne position have been found that led almost exclusively to the formation of 
oxepane derivatives. Likewise, 6-O-allyl derivatives undergo a related transformation 
leading to a polyfunctionalized oxepane that have been used in an intramolecular 
Pauson–Khand cyclization leading to a single tricyclic compound. If the triggering 1,6-
hydride transfer step is avoided, e.g. by use of 6-O-TIPS derivative, the system behaves 
as “normal“ Ferrier substrate able to react with heteroaryl nucleophiles to generate C-
3 branched glycal pyranosides. An additional transformation was still possible in these 
substrates owing to the highly nucleophilic nature of the Nicholas-activated glycal 
double bond, and then C-3 branched, bis-C-C-glycosides can be accessed by reaction in 
the presence of a second nucleophile. The use of 6-hydroxy derivatives as systems 
unable to undergo 1,6-hydride transfers and where the 6-OH group would behave as 
an internal nucleophile, produces branched tetrahydrofuran derivatives ensuing from a 
ring contraction process. 
Experimental Section 
General procedure for the preparation of cobalt-complexed enynes 12–15 and 26 
A solution of Co2(CO)8 (1.2 equiv) in anhydrous CH2Cl2 (1 mLmmol-1) was added to 
a solution of the corresponding enyne in CH2Cl2 (10 mLmmol-1). The dark solution was 
stirred at room temperature until TLC showed complete formation of the complex (ca. 
1–2 h). The solvent of the resulting reaction mixture was then removed under vacuum, 
and the residue was purified by flash chromatography. Dicobalt hexacarbonyl 
complexed enynes 13, 15 and 26 were used after chromatography without further 
characterization (12a: 86%; 12c: 69%; 12d: 70%; 13a: 80%; 13b: 77%; 13c: 98%; 13d: 
83%; 13e: 76%; 13f: 70%; 13g: 90%; 14: 87%; 15: 75%; 26a: 70%; 26d: 70%). 
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General procedure for the preparation of oxepanes 17, 24 and 27 from cobalt-
complexed enynes 
A solution of the corresponding cobalt complex (1 equiv) in dry CH2Cl2 (100 
mLmmol-1) under an argon atmosphere and in the presence of 4 Å molecular sieves 
was cooled to -20 ºC, and treated with BF3.Et2O (1.2 equiv). The mixture was kept at 
this temperature until no further progress was revealed by TLC analysis, and then 
quenched with saturated aqueous NaHCO3. The cooling bath was removed and the 
layers were separated. The aqueous layer was extracted with CH2Cl2. The combined 
organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated, 
in vacuo. The crude product was purified by silica gel chromatography. 
Procedure for Pauson–Khand cyclization of 27a 
A solution of dicobalt-enyne complex 27a (78 mg, 0.12 mmol) in CH2Cl2 (2 mL) 
under an argon atmosphere was cooled to -20 ºC, and treated with TMANO.2H2O in 
five lots (7 mg, 0.06 mmol) in 30 min intervals. Stirring was maintained until complete 
disappearance of the dicobalt-enyne complex (TLC monitoring), and the reaction 
mixture was filtered through Celite®, and washed with CH2Cl2. The solvent was 
removed under vacuum and the residue was purified by column chromatography 
(silica gel, hexanes/ethyl acetate 7:3 to 1:1) to give the tricyclic compound 28 (24 mg. 
49 %). Data for compound 28: [α]25D = -143.4 (c 0.8, CHCl3); 1H NMR (400 MHz, CDCl3): 
δ = 8.03–7.92 (m, 2H), 7.49–7.26 (m, 8H), 4.76 (d, J=11.1 Hz, 1H, CH2Ph), 4.45 (d, J=11.2 
Hz, 1H, CH2Ph), 4.13–4.04 (m, 2H, H-4, H-9b), 3.86–3.70 (m, 2H, H-2, H-3), 3.52–3.40 
(m, 1H, H-2), 3.33 (ddd, J=9.2, 6.6, 3.0 Hz, 1H, H-9a), 3.18 (ddd, J=10.4, 8.7, 2.3 Hz, 1H, 
H-5a), 3.10 (dd, J=18.7, 6.5 Hz, 1H, H-9), 2.62 (dd, J=18.6, 3.1 Hz, 1H, H-9), 2.44 (ddd, 
J=14.7, 6.3, 2.1 Hz, 1H, H-5), 2.01 ppm (dd, J=14.6, 12.8 Hz, 1H, H-5); 13C RMN (101 
MHz, CDCl3): δ = 207.7, 201.9, 161.0, 141.2, 137.2, 131.0, 130.6 (x2), 128.8 (x2), 128.8, 
128.4, 128.3 (x2), 128.2 (x2), 83.0, 75.7, 72.1, 71.0, 69.1, 48.2, 46.6, 43.2, 26.0 ppm; 
HMRS: m/z calcd for [C25H24O5+H]+: 405.1697; found 405.1706. 
Procedure for tandem Nicholas–Ferrier reaction/Pauson–Khand cyclization 
A solution of dicobalt-enyne complex 26a (64 mg, 0.085 mmol) in dry CH2Cl2 (5 mL) 
under an argon atmosphere and in the presence of 4 Å molecular sieves was cooled to 
-20 ºC, and treated with BF3.Et2O (14.5 mg, 0.10 mmol). The mixture was kept at this 
temperature for 1 h, quenched by addition of Et3N (18 mL, 0.13 mmol) at -20 ºC and 
then stirred for an additional 30 min. While keeping the temperature at -20 ºC, 
TMANO.2H2O was added in five lots (7 mg, 0.06 mmol) in 30 min intervals and then the 
mixture was stirred for 1 h, filtered through Celite®, and washed with CH2Cl2. The 
solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, hexanes/ethyl acetate 7:3 to 1:1) to give tricyclic 
compound 28 (2 mg, 7 %). 
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Procedures for reaction of keto-oxepane 17a with Lewis acid/hydride donors 
Method A: A solution of dicobalt enine complex 17a (55 mg. 0.08 mmol) in dry 
CH2Cl2 (2 mL), under an argon atmosphere was cooled to -50 ºC and treated with 
BH3.SMe2 (0.09 mmol, 44 mL, 2.0m solution in THF) and TMSOTf (41 mg, 0.18 mmol). 
The mixture was kept at this temperature until complete disappearance of the starting 
material (TLC monitoring) and then the reaction mixture was diluted with CH2Cl2 and 
washed with aqueous NaHCO3, water and brine. The solvent was removed under 
vacuum and the residue was purified by column chromatography (silica gel, 
hexanes/ethyl acetate 95:5) to give compound 29 as an inseparable 1:1 mixture of 
diastereomers (32 mg, 60 %). Method B: A solution of dicobalt enine complex 17a (42 
mg, 0.06 mmol) in dry CH2Cl2 (2 mL), under an argon atmosphere was treated with 
Et3SiH (14 mg, 0.12 mmol) and InCl3 (41 mg, 0.18 mmol). The mixture was kept at this 
temperature until complete disappearance of the starting material (30 min) and then 
the reaction mixture was diluted with CH2Cl2 and washed with aqueous NaHCO3, water 
and brine. The solvent was removed under vacuum and the residue was purified by 
column chromatography (silica gel, hexanes/ethyl acetate 95:5) to give compound 29
(15 mg, 37 %). 
General procedure for the reaction of cobalt-complexed enyne 14 with nucleophiles 
To a solution of the dicobalt-enyne complex 14 in dry CH2Cl2 (10 mLmmol-1) and 
cooled to -20 ºC, BF3.Et2O (1 equiv) and the corresponding nucleophile (3 equiv) were 
added. The mixture was kept at this temperature until no further progress was 
revealed by TLC analysis (less than 30 min). The reaction was then quenched with 
saturated aqueous NaHCO3. The cooling bath was removed and the layers were 
separated. The aqueous layer was extracted with CH2Cl2. The combined organic layers 
were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo and 
the residue was purified by column chromatography. 
General procedure for the electrophilic addition to cobalt-complexed enynes 31 to 
branched pyranoses 35 
To a solution of the dicobalt-enyne complex 31 in dry CH2Cl2 (50 mLmmol-1) and 
cooled to -20 ºC, BF3.Et2O (1 equiv) and pyrrole (2 equiv) were added. The mixture was 
kept at this temperature for the times shown in Table 7, and then quenched with 
saturated aqueous NaHCO3. The cooling bath was removed and the layers were 
separated. The aqueous layer was extracted with CH2Cl2. The combined organic layers 
were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo and 
the residue was purified by column chromatography. 
General procedure for the sequential one-pot synthesis of branched pyranoses 35 
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A solution of the dicobalt-enyne complex 14 in dry CH2Cl2 (50 mLmmol-1) and 
cooled to -20 ºC, was treated with the appropriate nucleophile (3 equiv) and BF3.Et2O 
(1 equiv). The mixture was kept at this temperature for 30 min, and then pyrrole (3 
equiv) and BF3.Et2O (1.2 equiv) were added. The mixture was kept at this temperature 
until complete disappearance of the starting material (TLC monitoring) and then the 
reaction mixture was diluted with CH2Cl2 and washed with aqueous NaHCO3, water 
and brine. The solvent was removed under vacuum and the residue was purified by 
column chromatography. 
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1. General Methods. 
All solvents and reagents were obtained commercially and used as received unless 
stated otherwise. Residual water was removed from starting compounds by repeated 
coevaporation. Reactions were executed at ambient temperatures unless stated 
otherwise. All moisture-sensitive reactions were performed in dry flasks fitted with 
glass stoppers or rubber septa under a positive pressure of argon. Air and moisture-
sensitive liquids and solutions were transferred by syringe or stainless steel cannula. 
Anhydrous MgSO4 or Na2SO4 were used to dry organic solutions during workup, and 
evaporation of the solvents was performed under reduced pressure using a rotary 
evaporator. Flash column chromatography was performed using 230–400 mesh silica 
gel. Thin-layer chromatography was conducted on Kieselgel 60 F254 (Merck). Spots 
were observed first under UV irradiation (254 nm) then by charring with a solution of 
20 % aqueous H2SO4 (200 mL) in AcOH (800 mL). 1H and 13C NMR spectra were 
recorded in CDCl3 at 300, 400 or 500 and 75, 100 or 125 MHz, respectively. Chemical 
shifts are expressed in parts per million (δ scale) downfield from tetramethylsilane and 
are referenced to residual protium in the NMR solvent (CHCl3: δ 7.25 ppm). Coupling 
constants (J) are given in Hz. Where indicated, NMR peak assignments were made by 
using COSY and HSQC experiments. All presented 13C spectra are proton-decoupled. 
The numbering pattern used for the 1H NMR is illustrated below. 
Mass spectra were recorded by direct injection with a mass spectrometer Agilent
6250 Accurate Mass Q-TOF LC/MS equipped with an electrospray ion source in positive 
mode. Optical rotations [α]D were measured for solutions in chloroform with a Perkin-
Elmer 241 MC polarimeter (sodium D-line, λ = 589 nm).  
Starting glycals 411, 712 and lactone 513 were prepared according to described 
procedures. 
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2. Preparation and spectroscopic characterization data of compounds. 
3,4-Di-O-benzyl-6-O-Triisopropyl-2-deoxy-D-arabino-hexono-1,5-lactone 8. A solution of 
D-glucal 7 (3.8 g, 8 mmol) in 1,2 dichloroethane (100 mL) under argon and in the 
presence of 4Å molecular sieves was treated with PCC (3.4 g, 16 mmol). The ensuing 
suspension was heated to 80 ºC and stirred for 6 h. The mixture was then allowed to 
cool, diluted with Et2O and filtered through a small path of celite. The organic layer 
was concentrated and the residue purified by flash chromatography (Hexane/EtOAc 
9:1) to give lactone 8 (1.51 g, 44%) as a colorless oil. For 8: [α]25D = +30.7 (c 1.7, CHCl3); 
1H NMR (300 MHz, CDCl3, 25 ºC): δ = 7.32-7.16 (m, 10 H), 4.63 (d, J = 11.3 Hz, CH2Ph), 
4.56 (d, J = 11.7 Hz, CH2Ph), 4.55 (d, J = 11.4 Hz, CH2Ph), 4.47 (d, J = 11.8 Hz, 
CH2Ph),4.16 (td, J = 6.6, 3.8 Hz, 1 H, H-5), 3.97-3.84 (m, 3 H, H-4, H-6), 2.81 (dd, J = 
16.6, 4.4 Hz, 1 H, H-2), 2.64 (dd, J = 16.5, 5.7 Hz, 1 H, H-2), 1.01-0.96 (m, 21 H, TIPS); 13C 
NMR (75 MHz, CDCl3,) δ = 169.7, 138.0, 137.8, 128.9, 128.4, 128.4, 128.3, 128.1, 81.3, 
75.1, 74.8, 73.5, 71.6, 62.9, 34.3, 18.4, 18.3, 12.3. HRMS (ESI+): m/z calcd for 
C29H42O5Si+H+: 499.2874; found 499.2876 [M + H]+; elemental analysis calcd (%) for 
C29H42O5Si: C 69.84, H 8.49; found C, 69.52, H 8.60. 
General Procedure A. Transformation of Lactones 5 and 8 into Enynes 6 and 9. A 
flame-dried 25 mL round bottom flask equipped with a stir bar and argon inlet was 
charged with a solution of the appropriate acetylene (3 equiv) in dry THF (2 mL/mmol). 
The reaction was cooled to -78 ºC, and then treated with n-butyllithium (3.05 equiv). 
After 30 minutes at -78 ºC a solution of the corresponding 2-deoxy-D-gluconolactone in 
dry THF (4 mL/mmol) was added and the reaction mixture was kept at that 
temperature for 2 hours after which time phosphorous oxychloride (4 equiv) was 
added. After warming to room temperature, the mixture was stirred for 20 minutes, 
then treated with pyridine (40 equiv) and left overnight. Aqueous work up and 
chromatography afforded the corresponding alkynylglucal 6a-c and 9a-b. 
1-(2-Phenyl-ethynyl)-3,4,6-Tris-O-benzyl-D-glucal 6a. This compound was prepared 
according to the general procedure from lactone 5 (2.10 g, 4.86 mmol). Silica gel 
chromatography (Hexane/Ethyl acetate 95:5) provided pure 6a (1.32 g, 53%) as a white 
solid. For 6a: m.p. 96-98 °C; [α]25D = -3.6 (c 1.0, CHCl3); 1H NMR (300 MHz, CDCl3, 25 
ºC): δ = 7.43-7.14 (m, 20H), 5.36 (d, J = 3.0 Hz, 1H, H-2), 4.77 (d, J = 11.2 Hz, 1H, 
CH2Ph), 4.60 (d, J = 11.6 Hz, 1H, CH2Ph), 4.59 (d, J = 11.1 Hz, 1H, CH2Ph), 4.57 (d, J = 
12.1 Hz, 1H, CH2Ph), 4.52 (s, 2H, CH2Ph), 4.46 (d, J = 14.8 Hz, 1H, CH2Ph) 4.22 (dd, J = 
6.2, 3.1 Hz, 1H, H-3), 4.09 (dt, J = 8.7, 3.2 Hz, 1H, H-5), 3.88 (dd, J = 8.8, 6.3 Hz, 1H, H-4), 
3.80 (dd, J = 11.1, 4.4 Hz, 1H, H-6), 3.75 (dd, J = 11.1, 3.0 Hz, 1H, H-6); 13C NMR (75 
MHz, CDCl3,) δ = 138.3, 138.2, 138.1, 131.8 (x2), 128.9, 128.5 (x2), 128.4 (x3), 128.4 
(x2), 128.4 (x2), 128.2, 128.1 127.9 (x2), 127.8 (x2), 127.8 (x2), 127.6, 122.0, 107.0, 
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88.8, 83.7, 77.8, 76.3, 73.8 (x2), 73.5, 70.6, 68.2. HRMS (ESI+): m/z calcd for 
C35H32O4+Na+: 539.2198; found 539.2193 [M + Na]+; elemental analysis calcd (%) for 
C35H32O4: C 81.37, H 6.24: found C, 81.29, H 6.33. 
1-(2-Trimethylsilyl-ethynyl)-3,4,6-Tris-O-benzyl-D-glucal 6b. This compound was 
prepared according to the general procedure from lactone 5 (481 mg, 1.11 mmol). 
Silica gel chromatography (Hexane/Ethyl acetate 8:2) provided pure 6b (337 mg, 59%) 
as a colorless oil. For 6b: [α]25D = +9.96 (c 0.7, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC) 
δ 7.36 – 7.20 (m, 15H), 5.38 (d, J = 3.1 Hz, 1H, H-2), 4.81 (d, J = 11.2 Hz, 1H, CH2Ph), 
4.68 – 4.50 (m, 5H, CH2Ph), 4.23 (dd, J = 6.3, 3.1 Hz, 1H, H-3), 4.09 (dt, J = 8.6, 3.5 Hz, 
1H, H-5), 3.90 (dd, J = 8.7, 6.2 Hz, 1H, H-4), 3.81 (t, J = 3.8 Hz, 2H, H-6, H-6´), 0.21 (s, 9H, 
TMS).; 13C NMR (75 MHz, CDCl3,) δ = 138.2 (x2), 138.1, 128.5 (x4), 128.0, 127.9, 127.8, 
127.7, 107.8, 99.0, 94.9, 78.0, 77.8, 77.4, 77.0, 76.4, 74.1, 74.0, 73.8, 70.9, 68.5, 0.00. 
HRMS (ESI+): m/z calcd for C32H36O4Si+Na+: 535.2275; found 535.2279 [M + Na]+. 
1-(n-2-octinyl)-3,4,6-Tris-O-benzyl-D-glucal 6c. This compound was prepared according 
to the general procedure from lactone 5 (465 mg, 1.07 mmol). Silica gel 
chromatography (Hexane/Ethyl acetate 8:2) provided pure 6c (401 mg, 71%) as a 
colorless oil. For 6c: [α]25D = -1.1 (c 1.6, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): δ = 
7.54–7.01 (m, 15H), 5.15 (d, J = 2.9 Hz, 1H, H-2), 4.74 (d, J = 11.2 Hz, 1H, CH2Ph), 4.62–
4.42 (m, 5H, CH2Ph), 4.16 (dd, J = 6.2, 3.0 Hz, 1H, H-3), 4.05–3.96 (m, 1H, H-5), 3.82 (dd, 
J = 8.8, 6.3 Hz, 1H, H-4), 3.82–3.65 (m, 2H, H-6, H-6´), 2.23 (t, J = 7.1 Hz, 1 H, CH2), 1.52–
1.42 (m, 1H), 1.27–1.16 (m, 8H), 0.85–0.78 (m, 3H, CH3); 13C NMR (75 MHz, CDCl3,) δ = 
138.6, 138.4, 138.3 (x2), 128.6 (x2), 128.5 (x4), 128.0 (x2), 127.9(x5), 127.8, 127.7, 
124.9, 105.4, 90.7, 77.7, 76.5, 74.0, 73.9, 73.6, 70.6, 68.4, 31.5, 30.5, 29.8, 28.8, 28.4, 
22.7, 19.3, 14.2.; HRMS (ESI+): m/z calcd for C35H40O4+H+: 525.2999; found 525.3014 
[M + H]+; elemental analysis calcd (%) for C35H40O4: C 80.12, H 7.68; found C, 80.01, H 
7.79. 
1-ethynyl-3,4,6-Tris-O-benzyl-D-glucal 6d. Compound 6b (337 mg, 0.66 mmol) was 
dissolved in THF (10.5 mL) and then treated with tetrabutylammonium fluoride 
trihydrate (TBAF) (344 mg, 1.31 mmol) and acetic acid (37.6 μL, 0.66 mmol). The 
reaction mixture was stirred for 24 h and subsequently diluted with EtOAc (Et2O), 
poured into satd. aq. NaHCO3 and extracted with EtOAc. The combined organic layers 
were dried and concentrated. The residue was purified by silica column 
chromatography (Hexane/Ethyl acetate 8:2) to afford 6d (266 mg, 92%) as colorless oil. 
For 6d: [α]25D = -5.4 (c 1.0, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): δ = 7.26 (s, 15H), 
5.36 (d, J = 2.9 Hz, 1H, H-2), 4.79 (d, J = 11.2 Hz, 1H, CH2Ph ), 4.69–4.45 (m, 5H, CH2Ph), 
4.21 (dd, J = 6.3, 3.0 Hz, 1H, H-3), 4.13–4.00 (m, 1H, H-5), 3.89 (dd, J = 8.8, 6.3 Hz, 1H, 
H-4), 3.80 (dd, J = 10.9, 4.3 Hz, 1H, H-6), 3.75 (dd, J = 10.9, 2.8 Hz, 1H, H-6´), 2.92 (s, 1H, 
H-7).13C NMR (75 MHz, CDCl3,) δ = 138.2 (x2), 138.1, 137.5, 128.6 (x2), 128.5 (x4), 
128.0 (x2), 127.9 (x4), 127.8, 108.0, 78.1, 77.9, 77.2, 76.2, 74.0, 73.8, 73.7, 70.9, 68.3. 
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HRMS (ESI+): m/z calcd for C29H28O4+NH4+: 458.2326; found 458.2339 [M + NH4]+; 
elemental analysis calcd (%) for C29H28O4: C 79.07, H 6.41; found C, 78.94, H 6.50. 
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-6-O-Triisopropyl-D-glucal 9a. This compound was 
prepared according to the general procedure from lactone 8 (1.00 g, 2.00 mmol). Silica 
gel chromatography (Hexane/Ethyl acetate 95:5) provided pure 9a (854 mg, 74%) as a 
colorless oil. For 9a: [α]28D = -17.4 (c 1.1, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC) δ = 
7.58–7.32 (m, 15H), 5.46 (d, J = 3.0 Hz, 1H, H-2), 4.93 (d, J = 11.2 Hz, 1H, CH2Ph), 4.85 
(d, J = 11.2 Hz, 1H, CH2Ph), 4.74 (d, J = 11.7 Hz, 1H, CH2Ph), 4.67 (d, J = 11.7 Hz, 1H, 
CH2Ph), 4.38–4.33 (m, 1H, H-5), 4.21–4.05 (m, 3H, H-4, H.6), 1.31–1.07 (m, 21H, TIPS); 
13C NMR (75 MHz, CDCl3,) δ = 138.8, 138.6, 138.6, 132.1 (x2), 129.2 (x3), 128.8 (x2), 
128.7 (x2), 128.4 (x2), 128.2 (x2), 128.1, 128.1, 122.6, 106.7, 88.7, 84.2, 79.1, 76.4, 
74.3, 73.8, 71.2, 62.1, 18.4 (x6), 12.5 (x3). HRMS (ESI+): m/z calcd for C37H46O4Si+Na+: 
605.3063; found 605.3054 [M + Na]+; elemental analysis calcd (%) for C37H46O4Si: C 
76.25, H 7.95; found C, 76.11, H 8.09. 
1-(2-Trimethylsilyl-ethynyl)-3,4-Di-O-benzyl-6-O-Triisopropyl-D-glucal 9b. This 
compound was prepared according to the general procedure from lactone 8 (499 mg, 
1.08 mmol). Silica gel chromatography (Hexane/Ethyl acetate 95:5) provided pure 9b 
(525 mg, 84%) as a yellow oil. For 9b: [α]25D = -11.1 (c 1.2, CHCl3); 1H NMR (300 MHz, 
CDCl3, 25 ºC): δ = 7.47–7.21 (m, 10H), 5.34 (d, J=3.0 Hz, 1H, H-2), 4.85 (d, J=11.3 Hz, 1H, 
CH2Ph), 4.77 (d, J=11.4 Hz, 1H, CH2Ph ), 4.66 (d, J=11.7 Hz, 1H, CH2Ph), 4.58 (d, J=11.7 
Hz, 1H, CH2Ph), 4.23 (dd, J=6.3, 3.0, 1H, H-3), 4.10–3.92 (m, 4H, H-4, H-5, H-6, H-6´), 
1.17–0.99 (m, 21H, TIPS), 0.21 (s, 9H, TMS).; 13C NMR (75 MHz, CDCl3,) δ = 138.5, 
138.3, 137.9, 128.5 (x4), 128.1 (x2), 127.9 (x3), 127.8, 106.8, 98.9, 94.3, 78.7, 75.9, 
74.1, 73.4, 70.9, 61.8, 18.2 (x2), 18.1, 12.1(x6), -0.25 (x3); elemental analysis calcd (%) 
for C34H50O4Si2: C 70.54, H 8.71, Si; 9.70; found C, 70.41, H 8.81. 
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-D-glucal 10a. Compound 9a (1.20 g, 2 mmol) was 
dissolved in THF (30 mL) and then treated with tetrabutylammonium fluoride 
trihydrate (TBAF) (1.07 g, 4 mmol) and acetic acid (0.1 mL, 2 mmol). The reaction 
mixture was stirred for 24 h and subsequently diluted with EtOAc, poured into satd. 
aq. NaHCO3 and extracted with EtOAc. The combined organic layers were dried and 
concentrated. The residue was purified by silica column chromatography 
(Hexane/Ethyl acetate 6:4) to afford 10a (550 mg, 64%) as a white solid. m. p. 98-100 
ºC; [α]29D = -16.4 (c 1.0, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): δ = 7.65–6.97 (m, 
15H), 5.35 (d, J = 3.0 Hz, 1H, H-2), 4.79 (d, J = 11.2 Hz, 1H, CH2Ph), 4.66 (d, J = 11.6 Hz, 
1H, CH2Ph), 4.61 (d, J = 11.3 Hz, 1H, CH2Ph), 4.50 (d, J = 11.6 Hz, 1H, CH2Ph), 4.24 (dd, J 
= 6.5, 3.0 Hz, 1H, H-3), 4.05–3.60 (m, 4 H, H-4, H-5, 2xH-6); 13C NMR (75 MHz, CDCl3,) δ 
= 138.2, 138.1 (x2), 131.9 (x2), 129.1, 128.6 (x4), 128.5 (x2), 128.2 (x2), 128.0, 127.9 
(x3), 121.9, 107.3, 89.1, 83.4, 78.5, 76.5, 74.1 (x2), 70.9, 61.6. HRMS (ESI+): m/z calcd 
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for C28H26O4+H+: 427.1904; found 427.1894 [M + H]+; elemental analysis calcd (%) for 
C28H26O4: C 78.85, H 6.14; found C, 78.77, H 6.24. 
1-(ethynyl)-3,4-di-O-Benzyl-D-glucal 10d. Compound 9b (484 mg, 0.835 mmol) was 
dissolved in THF (12.5 mL) and then treated with tetrabutylammonium fluoride 
trihydrate (TBAF) (446 mg, 1.67 mmol) and acetic acid (0.1 mL, 2 mmol). The reaction 
mixture was stirred for 24 h and subsequently diluted with EtOAc (Et2O), poured into 
satd. aq. NaHCO3 and extracted with EtOAc. The combined organic layers were dried 
and concentrated. The residue was purified by silica column chromatography 
(Hexane/Ethyl acetate 7:3) to afford 10d (188 mg, 64%) as a white solid. m. p. 85-86 
ºC; [α]29D = -29.4 (c 1.02, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): δ = 7.37–7.29 (m, 
10H), 5.41 (d, J=2.8, 1H, H-2), 4.87 (d, J=11.3, 1H, CH2Ph), 4.74 (d, J=11.3, 1H, CH2Ph), 
4.68 (d, J=11.6, 1H, CH2Ph), 4.58 (d, J=11.6, 1H, CH2Ph), 4.29 (dd, J=6.5, 2.8, 1H, H-3), 
4.04–3.93 (m, 1H, H-5), 3.93–3.80 (m, 3H, H-4, H-6,H-6´), 2.98 (s, 1H, H-7), 1.06 (s, 1H, 
OH). ; 13C NMR (75 MHz, CDCl3,) δ = 138.3 (x2), 137.5, 128.7, 128.2, 128.0, 108.4, 99.2, 
78.9, 78.2, 76.9, 76.6, 74.3, 71.2, 61.7. HRMS (ESI+): m/z calcd for C22H22O4+Na+: 
374.1444; found 374.1443 [M + Na]+; elemental analysis calcd (%) for C22H22O4: C 
75.41, H 6.33; found C, 75.28, H 6.40. 
General Procedure B. Alkylation of 6-hydroxy derivatives 10. A solution of 10 (100 
mg, 0.23 mmol) in dry THF (5 mL) was cooled to 0 °C and treated under argon 
atmosphere with NaH (60 % dispersion in mineral oil, 14 mg, 0.34 mmol). After stirring 
at 0 °C for 30 min, the corresponding alkyl halide (1.2 eq) and tetrabutylammonium 
iodide (5 % mol) were added. The reaction mixture was then allowed to reach room 
temperature and stirred overnight. The reaction was diluted with water (10 mL) and 
extracted with diethyl ether (3 x 15 mL). The organic layers were dried over Na2SO4, 
filtered, concentrated in vacuo, and then purified by flash column chromatography 
(Hexane/Ethyl acetate 95:5).
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-6-O-p-methoxybenzyl-D-glucal 11a. Following the 
general procedure, 10a was treated with p-methoxybenzyl chloride (42 mg, 0.28 
mmol) to produce 11a (65 mg, 54%) as a yellow oil. [α]25D = +6.71 (c 1.0, CHCl3); 1H 
NMR (300 MHz, CDCl3, 25 ºC): δ 7.73–6.74 (m, 19H), 5.44 (d, J = 3.0 Hz, 1H, H-2), 4.84 
(d, J = 11.2 Hz, 1H, CH2Ar), 4.68 (d, J = 11.6 Hz, 1H,CH2Ar), 4.66 (d, J = 11.2 Hz, 1H, 
CH2Ar), 4.60 (d, J = 11.7 Hz, 1H, CH2Ar), 4.59 (d, J = 11.6 Hz, 1H, CH2Ar), 4.51 (d, J = 11.7 
Hz, 1H, CH2Ar), 4.31 (dd, J = 6.4, 3.0 Hz, 1H, H-3), 4.16 (ddd, J = 8.7, 4.3, 3.0 Hz, 1H, H-
5), 3.95 (dd, J = 8.7, 6.4 Hz, 1H, H-4), 3.91–3.66 (m, 2H, 2xH-6), 3.79 (s, H, CH3O); 13C 
NMR (75 MHz, CDCl3,) δ 159.6, 138.7, 138.6 (x2), 132.2 (x 2), 130.5, 129.9 (x2), 129.3, 
128.9 (x2), 128.8 (x2), 128.7 (x2), 128.3 (x2), 128.2 (x2), 128.2, 128.1, 122.4, 114.2 (x2), 
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107.4, 89.1, 84.1, 78.2, 76.7, 74.2 (x2), 73.6, 71.0, 68.3, 55.7; HRMS (ESI+): m/z calcd 
for C36H34O5+H+: 547,2489; found 547.2468 [M + H]+; elemental analysis calcd (%) for 
C36H34O5: C 79.10, H 6.27; found C, 78.94, H 6.38. 
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-6-O-m-methoxybenzyl-D-glucal 11b. Following the 
general procedure, 10a was treated with m-methoxybenzyl chloride (42 mg, 0.28 
mmol) to produce 11b (70 mg, 56%) as a yellow oil. [α]25D = +20.55 (c 1.2, CHCl3); 1H 
NMR (300 MHz, CDCl3, 25 ºC): δ 7.62–7.38 (m, 2H), 7.38–7.08 (m, 13H), 6.99–6.86 (m, 
2H), 6.82 (ddd, J = 8.2, 2.5, 1.2 Hz, 1H), 5.43 (d, J = 3.0 Hz, 1H), 4.85 (d, J = 11.2 Hz, 1H, 
CH2Ar), 4.81–4.47 (m, 5H, CH2Ar), 4.30 (dd, J = 6.3, 3.1 Hz, 1H, H-3), 4.16 (ddd, J = 9.0, 
4.3, 3.0 Hz, 1H, H-5), 3.95 (dd, J = 8.8, 6.3 Hz, 1H, H-4), 3.85 (t, J = 4.0 Hz, 2H, H-6), 3.78 
(s, 3H, OCH3). 13C RMN (75 MHz, CDCl3,) δ 159.8, 139.8, 138.4, 138.2 (x2), 131.9 (x2), 
129.4, 129.0, 128.5 (x2), 128.5 (x2), 128.4 (x2), 128.0 (x3), 127.8 (x3), 122.1, 120.1, 
113.5, 113.0, 107.0, 88.8, 83.7, 77.8, 76.4, 73.9 (x2), 73.4, 70.7, 68.3, 55.2, 25.7. HRMS 
(ESI+): m/z calcd for C36H34O5+Na+: 569.2298; found 569.2296 [M + Na]+; elemental 
analysis calcd (%) for C36H34O5: C 79.10, H 6.27; found C, 79.01, H 6.32. 
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-6-O-p-methylbenzyl-D-glucal 11c. Following the 
general procedure, 10a was treated with p-methylbenzyl bromide (54 mg, 0.28 mmol) 
to produce 11c (92 mg, 72%) as a colorless oil. [α]25D = +7.80 (c 0.9, CHCl3); 1H NMR 
(300 MHz, CDCl3, 25 ºC): δ 8.01–6.94 (m, 19H), 5.49 (d, J = 3.1 Hz, 1H, H-2), 4.88 (d, J = 
11.1 Hz, 1H, CH2Ar), 4.77–4.62 (m, 4H, CH2Ar), 4.59 (d, J = 12.5 Hz, 1H, CH2Ar), 4.35 (dd, 
J = 6.5, 3.1 Hz, 1H, H-3), 4.20 (dt, J = 8.9, 4.8 Hz, 1H, H-5), 4.00 (dd, J = 8.9, 6.5 Hz, 1H, 
H-4), 3.93–3.84 (m, 2H, H-6), 2.39 (s, 3H, Me); 13C NMR (75 MHz, CDCl3, 25 ºC) δ 138.5, 
138.3 (x2), 137.5, 135.1, 131.9 (x2), 129.2 (x2), 129.0, 128.6 (x2), 128.5 (x2), 128.4 (x2), 
128.2 (x2), 128.0 (x2), 127.9 (x2), 127.8 (x2), 122.2, 107.1, 88.8, 83.8, 77.9, 76.4, 73.9 
(x2), 73.6, 70.7, 68.1, 21.3. HRMS (ESI+): m/z calcd for C36H34O4+H+: 531.2535; found 
553.2368 [M + Na]+; elemental analysis calcd (%) for C36H34O4: C 81.48, H 6.46; found C, 
81.42, H 6.51. 
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-6-O-(2-naphthylmethyl)-D-glucal 11d. Following 
the general procedure, 10a was treated with 2-naphthylmethyl bromide (58 mg, 0.28 
mmol) to produce 11d (60 mg, 48%) as a white solid. m. p. 97-100 ºC; [α]25D = -6.9 (c 
1.0, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): δ 7.99–7.07 (m, 22H), 5.45 (d, J = 3.0 Hz, 
1H, H-2), 4.84 (d, J = 11.2 Hz, 1H, CH2Ar), 4.82 (d, J = 12.3 Hz, 1H, CH2Ar), 4.74 (d, J = 
12.3 Hz, 1H, CH2Ar), 4.68 (d, J = 11.6 Hz, 1H, CH2Ar), 4.66 (d, J = 11.2 Hz, 1H, CH2Ar), 
4.58 (d, J = 11.6 Hz, 1H, CH2Ar), 4.31 (dd, J = 6.3, 3.0 Hz, 1H, H-3), 4.19 (ddd, J = 8.6, 4.3, 
2.9 Hz, 1H, H-5), 3.97 (dd, J = 8.6, 6.3 Hz, 1H, H-4), 3.92 (dd, J = 10.9, 4.3 Hz, 1H, H-6), 
3.87 (dd, J = 10.9, 2.9 Hz, 1H, H-6); 13C NMR (75 MHz, CDCl3, 25 ºC) δ 138.4, 138.2, 
138.1, 135.6, 133.3, 133.1, 131.8 (x2), 128.9, 128.5 (x2), 128.4 (x3), 128.2, 128.0, 127.9, 
127.9 (x2), 127.8, 127.8 (x2), 127.8 (x2), 126.6, 126.1, 125.9 (x2), 122.0, 107.0, 88.8, 
83.8, 77.8, 76.3, 73.9, 73.8, 73.6, 70.6, 68.3; HRMS (ESI+): m/z calcd for C39H34O4+H+: 
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567.2535; found 567.2539 [M + H]+, 1150.5274 [2M + NH4]+; elemental analysis calcd 
(%) for C39H34O4: C 82.66, H 6.05; found C, 82.56, H 6.17. 
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-6-O-p-fluorobenzyl-D-glucal 11e. Following the 
general procedure, 10a was treated with p-fluorobenzyl bromide (60 mg, 0.28 mmol) 
to produce 11e (108 mg, 78%) as a yellow solid. m. p. 82-86 ºC; [α]25D = -3.60 (c 1.00, 
CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): δ 7.48–6.79 (m, 19H), 5.34 (d, J = 3.0 Hz, 1H, 
H-2), 4.75 (d, J = 11.3 Hz, 1H, CH2Ar), 4.57 (d, J = 11.6 Hz, 1H, CH2Ar), 4.56 (d, J = 11.6 
Hz, 1H, CH2Ar), 4.49 (d, J = 5.6 Hz, 1H, CH2Ar), 4.45 (d, J = 5.3 Hz, 1H, CH2Ar), 4.41 (d, J = 
12.2 Hz, 1H, CH2Ar), 4.20 (dd, J = 6.2, 3.0 Hz, 1H, H-3), 4.06 (ddd, J = 8.5, 4.6, 3.0 Hz, 1H, 
H-5), 3.83 (dd, J = 8.5, 6.2 Hz, 1H, H-4), 3.75 (dd, J = 10.9, 4.6 Hz, 1H, H-6), 3.69 (dd, J = 
10.9, 3.0 Hz, 1H, H-6); 13C NMR (75 MHz, CDCl3, 25 ºC) δ 162.4 (1JC,F = 245.5 Hz), 138.3 
(x2), 138.2 (x2), 133.9 (4JC,F = 3.1 Hz), 131.9 (x2), 129.6 (3JC,F = 8.1 Hz) (x2), 129.0, 128.5 
(x2), 128.5 (x2), 128.4 (x2), 127.9 (x2), 127.9 (x3), 122.0, 115.3 (2JC,F = 21.4 Hz) (x2), 
107.0, 88.8, 83.7, 77.8, 76.3, 73.9, 73.8, 72.8, 70.7, 68.3. HRMS (ESI+): m/z calcd for 
C35H31FO4+H+: 535.2285; found 535.2285 [M + H]+; elemental analysis calcd (%) for 
C35H31FO4: C 78.63, H 5.84; found C, 78.58, H 5.93. 
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-6-O-p-bromobenzyl-D-glucal 11f. Following the 
general procedure, 10a was treated with p-bromobenzyl bromide (70 mg, 0.28 mmol) 
to produce 11f (138 mg, 85%) as a yellow solid. m. p. 51-54 ºC; [α]25D = -0.3 (c 1.1, 
CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): δ 7.57–7.06 (m, 19H), 5.46 (d, J = 3.1 Hz, 1H, 
H-2), 4.86 (d, J = 11.2 Hz, 1H, CH2Ar), 4.69 (d, J = 11.5 Hz, 1H, CH2Ar), 4.67 (d, J = 11.3 
Hz, 1H, CH2Ar), 4.64–4.47 (m, 3H, CH2Ar), 4.31 (dd, J = 6.3, 3.1 Hz, 1H, H-3), 4.17 (ddd, J 
= 8.9, 5.2, 3.1 Hz, 1H, H-5), 3.94 (dd, J = 8.9, 6.3 Hz, 1H, H-4), 3.87 (dd, J = 10.9, 5.2 Hz, 
1H, H-6), 3.80 (dd, J = 10.9, 3.1 Hz, 1H, H-6); 13C NMR (75 MHz, CDCl3, 25 ºC) δ 138.3, 
138.1 (x2), 137.2, 131.9 (x2), 131.5 (x2), 129.8, 129.5 (x2), 129.1, 129.0, 128.5 (x2), 
128.5 (x2), 128.4 (x2), 127.9 (x2), 127.9 (x2), 122.0, 121.6, 107.0, 88.9, 83.6, 77.7, 76.2, 
73.8 (x2), 72.8, 70.7, 68.4. HRMS (ESI+): m/z calcd for C35H31BrO4+H+: 595.1484; found 
595.1478 [M + H]+; elemental analysis calcd (%) for C35H31BrO4: C 70.59, H 5.25, Br 
13.42; found C, 70.47, H 5.34, Br 13.31. 
1-(2-Phenyl-ethynyl)-3,4-di-O-Benzyl-6-O-p-iodobenzyl-D-glucal 11g. Following the 
general procedure, 10a was treated with p-iodobenzyl bromide (83 mg, 0.28 mmol) to 
produce 11g (96 mg, 78%) as a yellow solid. m. p. 63-65 ºC, [α]25D = +1.7 (c 1.0, CHCl3); 
1H NMR (300 MHz, CDCl3, 25 ºC): δ 7.56 (d, J = 8.1 Hz, 2H, o I-C6H4), 7.45–7.11 (m, 15H), 
7.00 (d, J = 8.1 Hz, 2H, m I-C6H4), 5.36 (d, J = 3.1 Hz, 1H, H-2), 4.76 (d, J = 11.3 Hz, 1H, 
CH2Ar), 4.59 (d, J = 11.6 Hz, 1H, CH2Ar), 4.57 (d, J = 11.4 Hz, 1H, CH2Ar), 4.49 (d, J = 11.7 
Hz, 1H, CH2Ar), 4.48 (d, J = 12.0 Hz, 1H, CH2Ar), 4.41 (d, J = 12.0 Hz, 1H, CH2Ar), 4.21 
(dd, J = 6.2, 3.1 Hz, 1H, H-3), 4.07 (ddd, J = 8.8, 4.6, 2.9 Hz, 1H, H-5), 3.84 (dd, J = 8.8, 
6.2 Hz, 1H, H-4), 3.77 (dd, J = 10.8, 4.6 Hz, 1H, H-6), 3.71 (dd, J = 10.8, 2.9 Hz, 1H, H-6); 
13C NMR (75 MHz, CDCl3, 25 ºC) δ 138.4, 138.2 (x2), 138.0, 137.6 (x3), 131.9 (x2), 129.7 
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(x2), 129.0, 128.6 (x2), 128.6 (x2), 128.5 (x2), 128.0 (x2), 127.9, 127.9 (x2), 122.1, 
107.1, 93.2, 88.9, 83.7, 77.8, 76.4, 73.9 (x2), 72.9, 70.8, 68.5; HRMS (ESI+): m/z calcd 
for C35H31IO4+H+: 643.1345; found 643.1347 [M + H]+, 1302.2869 [2M + NH4]+; 
elemental analysis calcd (%) for C35H31IO4: C 65.34, H 4.86; found C, 65.26, H 4.91. 
1-(2-Phenyl-ethynyl)- 6-O-allyl-3,4-di-O-benzyl-D-glucal 25a. Following the general 
procedure, 10a was treated with allyl bromide (34 mg, 0.28 mmol) to produce 25a (76 
mg, 71%) as a colorless oil. [α]25D = +24.6 (c 1.2, CHCl3); 1H NMR (300 MHz, CDCl3, 25 
ºC): δ 7.52–7.46 (m, 2H), 7.39–7.25 (m, 13H), 5.95 (ddt, J = 17.3, 10.4, 5.6 Hz, 1H, H-2’), 
5.45 (d, J = 3.0 Hz, 1H, H-2), 5.32 (dq, J = 17.2, 1.6 Hz, 1H, H-3’), 5.21 (ddd, J = 10.4, 3.0, 
1.5 Hz, 1H, H-3’), 4.89 (d, J = 11.3 Hz, 1H, CH2Ph), 4.75 (d, J = 11.3 Hz, 1H, CH2Ph), 4.70 
(d, J = 11.7 Hz, 1H, CH2Ph), 4.61 (d, J = 11.6 Hz, 1H, CH2Ph), 4.33 (dd, J = 6.3, 3.0 Hz, 1H, 
H-3), 4.19–4.06 (m, 3H, H-5, H-1’), 3.96 (dd, J = 8.8, 6.3 Hz, 1H, H-4), 3.88–3.78 (m, 2H, 
H-6); 13C RMN (75 MHz, CDCl3, 25 ºC) δ 138.5, 138.3, 138.3, 134.7, 131.9 (x2), 129.0, 
128.6 (x2), 128.5 (x2), 128.4 (x2), 128.0 (x2), 127.9 (x3), 127.8, 122.1, 117.3, 107.1, 
88.8, 83.7, 77.9, 76.5, 74.0 (x2), 72.6, 70.7, 68.3. HRMS (ESI+): m/z calcd for 
C31H30O4+Na+: 489.2034; found 489.2034 [M + Na]+; elemental analysis calcd (%) for 
C31H30O4: C 79.80, H 6.48; found C, 79.69, H 6.57. 
1-ethynyl-6-O-allyl-3,4-di-O-benzyl-D-glucal 25d Following the general procedure, 10d 
was treated with allyl bromide (34 mg, 0.28 mmol) to produce 25d (91mg, 71%) as a 
colorless oil [α]25D = +10.3 (c 1.5, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): δ 7.37 (m, 
10H), 5.94 (ddt, J = 16.6, 10.6, 5.5 Hz, 1H, H-9), 5.42 (d, J = 3.0 Hz, 1H, H-2), 5.32 (dd, J = 
17.2, 1.6 Hz, 1H, H-10), 5.21 (dd, J = 10.4, 1.4 Hz, 1H, H-10´), 4.88 (d, J = 11.2 Hz, 1H, 
CH2Ph), 4.74 (d, J = 11.4 Hz, 1H, CH2Ph), 4.67 (d, J = 11.6 Hz, 1H, CH2Ph), 4.58 (d, J = 
11.6 Hz, 1H, CH2Ph), 4.28 (dd, J = 6.3, 3.1 Hz, 1H, H-3), 4.15–4.03 (m, 3H, H-5, H-8, H-
8´), 3.94 (dd, J = 8.9, 6.2 Hz, 1H, H-4), 3.80 (t, J = 3.9 Hz, 2H, H-6, H-6´), 2.97 (s, 1H, H-
7).; 13C RMN (75 MHz, CDCl3, 25 ºC) δ 138.4, 138.3, 137.6, 134.8, 128.5 (x4), 128.0 (x2), 
127.8 (x4), 117.0, 108.0, 78.2, 78.1, 77.0, 76.2, 74.1, 73.9, 72.6, 70.9, 68.4; HRMS 
(ESI+): m/z calcd for C25H26O4+Na+: 413.1729; found 413.0474 [M + Na]+; elemental 
analysis calcd (%) for C25H26O4: C 76.90, H 6.71; found C, 76.81, H 6.77. 
General Procedure C. Preparation of cobalt-complexed enynes. A solution of Co2(CO)8
(1.2 eq) in anhydrous CH2Cl2 (1 ml/mmol) was added to a solution of the corresponding 
enyne in CH2Cl2 (10 ml/mmol). The dark solution was stirred at room temperature until 
TLC showed complete formation of the comple (ca. 2 h). The solvent of the resulting 
reaction mixture was then removed under vacuum, and the residue was purified by 
flash chromatography. Dicobalt hexacarbonyl complexed enynes 13, 15 and 26 were 
used after chromatography without further characterization (For 12a: 86%; 12c: 69%, 
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12d: 70% 13a: 80%; 13b: 77%; 13c: 98%; 13d: 83%; 13e: 76%, 13f: 70%; 13g: 90%; 14: 
87%; 15: 75%; 26a: 70%; 26d: 70%). 
Dicobalt hexacarbonyl complex 12a. Following the general procedure, complex 12a 
was prepared from compound 6a (2.6 g, 5.0 mmol) and Co2(CO)8 (2 g, 6 mmol) in dry 
CH2Cl2. The crude product was purified by silica gel chromatography (Hexane/Ethyl 
acetate 95:5) to give a brownish oil (3.45 g, 86%); 1H NMR (300 MHz, CDCl3, 25 ºC): δ 
7.75–7.19 (m, 20H), 5.45 (d, J = 3.0 Hz, 1H, H-2), 4.91 (d, J = 11.3 Hz, 1H, CH2Ph), 4.78 
(d, J = 11.3 Hz, 1H, CH2Ph), 4.66 (s, 2H, CH2Ph), 4.63 (d, J = 12.0 Hz, 1H, CH2Ph), 4.56 (d, 
J = 12.0 Hz, 1H, CH2Ph), 4.37 (dd, J = 6.3, 3.0 Hz, 1H, H-3), 4.26 (ddd, J = 9.0, 4.1, 2.5 Hz, 
1H, H-5), 4.10 (dd, J = 9.0, 6.3 Hz, 1H, H-4), 3.97 (dd, J = 10.9, 4.1 Hz, 1H, H-6), 3.84 (dd, 
J = 10.9, 2.5 Hz, 1H, H-6); 13C NMR (75 MHz, CDCl3, 25 ºC ) δ 199.1 (x6), 152.3, 138.5, 
138.5, 138.4, 137.9, 129.8 (x2), 128.9 (x2), 128.6 (x2), 128.5 (x2), 128.4 (x2), 128.0, 
128.0 (x2), 127.9 (x2), 127.8 (x2), 127.6, 127.6 (x2), 101.2, 91.5, 84.4, 78.2, 77.6, 74.6, 
74,0, 73.7, 70.9, 68.8. HRMS (ESI+): m/z calcd for C41H32Co2O10+H+: 803.0732, found 
803.0743 [M + H]+. 
Dicobalt hexacarbonyl complex 12c. Following the general procedure, complex 12c was 
prepared from compound 6c (127 mg, 0.24 mmol) and Co2(CO)8 (99 mg, 13 0.29 mmol) 
in dry CH2Cl2. The crude product was purified by silica gel chromatography 
(Hexane/Ethyl acetate 9:1) to give a brownish oil 134 mg, 69%); 1H NMR (300MHz, 
CDCl3, 25 ºC): δ 7.53–7.07 (m, 15H), 5.24 (d, J = 2.9 Hz, 1H, H-2), 4.87 (d, J = 11.3 Hz, 
1H, CH2Ph), 4.75 (d, J = 11.3 Hz, 1H, CH2Ph), 4.63 (d, J = 11.6 Hz, 3H, CH2Ph), 4.56 (d, J = 
12.0 Hz, 1H, CH2Ph), 4.32 (dd, J = 6.3, 3.0 Hz, 1H, H-3), 4.17 (ddd, J = 9.1, 4.0, 2.5 Hz, 
1H, H-5), 4.03 (dd, J = 9.0, 6.3 Hz, 1H, H-4), 3.93 (dd, J = 11.0, 4.0 Hz, 1H, H-6), 3.81 (dd, 
J = 11.0, 2.6 Hz, 1H, H-6´), 1.75–1.62 (m, 1H, CH2), 1.53–1.41 (m, 1H, CH2), 1.39–1.24 
(m, 6H, 3xCH2), 0.91 (t, J = 5.8 Hz, CH3).; 13C NMR (75 MHz, CDCl3, 25 ºC ) δ 199.7 (x6), 
152.2, 138.8 (x2), 138.7, 128.6 (x2), 128.5 (x2), 128.4 (x2), 127.9 (x4), 127.8, 127.7, 
127.6 (x3), 100.8, 99.9, 84.6, 78.3, 77.2, 74.8, 73.9, 73.8, 70.9, 69.1, 34.1, 31.9, 31.8, 
29.4, 22.7, 14.1; HRMS (ESI+): m/z calcd for C41H40Co2O10+H+: 811.1358; found 
811.1346 [M + H]+. 
Dicobalt hexacarbonyl complex 12d. Following the general procedure, complex 12d 
was prepared from compound 6d (121 mg, 0.28 mmol) and Co2(CO)8 (113 mg, 330 
mmol) in dry CH2Cl2. The crude product was purified by silica gel chromatography 
(Hexane/Ethyl acetate 9:1) to give a brownish oil (139 g, 70%); 1H NMR (300 MHz, 
CDCl3, 25 ºC); δ 7.39–7.27 (m, 15H), 6.16 (s, 1H, H-7), 5.39 (d, J = 3.0 Hz, 1H, H-2), 4.87 
(d, J = 11.2 Hz, 1H, CH2Ph), 4.74 (d, J = 11.3 Hz, 1H, CH2Ph), 4.71–4.60 (m, 3H, CH2Ph), 
4.57 (d, J = 12.1 Hz, 1H, CH2Ph), 4.30 (dd, J = 6.3, 3.0 Hz, 1H, H-3), 4.19 (dt, J = 8.1, 3.4 
Hz, 1H,H-5), 4.02 (dd, J = 8.9, 6.2 Hz, 1H, H-4), 3.93 (dd, J = 11.0, 4.2 Hz, 1H, H-6), 3.82 
(dd, J = 11.1, 2.6 Hz, 1H, H-6´). 13C NMR (75 MHz, CDCl3, 25 ºC ) δ. 199.3 (x6), 151.4, 
138.7(x2), 138.6, 128.5 (x2), 128.4 (x4), 127.9 (x2), 127.8 (x2), 127.7 (x2), 127.6 (x3), 
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101.5, 83.3, 78.3, 77.2, 74.6, 73.8, 73.7, 71.9, 70.7, 69.0.; HRMS (ESI+): m/z calcd for 
C35H28Co2O10+H+: 727.0450 ; found 727.0419 [M + H]+. 
Dicobalt hexacarbonyl complex 14. Following the general procedure, complex 14 was 
prepared from compound 9a (854 mg, 1.46 mmol) and Co2(CO)8 (600 mg, 1.76 mmol) 
in dry CH2Cl2. The crude product was purified by silica gel chromatography 
(Hexane/Ethyl acetate 98:2) to give a brownish oil (1.10 g, 87%); 1H NMR (300 MHz, 
CDCl3, 25 ºC): δ 7.61–7.14 (m, 15H), 5.35 (d, J = 3.1 Hz, 1H, H-2), 4.87 (d, J = 11.4 Hz, 
1H, CH2Ph), 4.73 (d, J = 11.4 Hz, 1H, CH2Ph), 4.55 (s, 2H, CH2Ph), 4.31–4.25 (m, 1H, H-
5), 4.07–3.99 (m, 4 H, H-3, H-4, 2xH-6), 1.09 – 0.82 (m, 21H, TIPS); 13C NMR (75 MHz, 
CDCl3, 25 ºC ) δ 199.1 (x6), 153.1, 138.8, 138.5, 138.0, 129.8 (x2), 128.9 (x2), 128.6 (x2), 
128.5 (x2), 128.1 (x2), 128.0, 127.9, 127.8 (x2), 127.7, 101.7, 91.9, 84.9, 80.1, 77.9, 
74.2, 73.6, 70.9, 62.2, 18.2 (x6), 12.1 (x3). HRMS (ESI+): m/z calcd for 
C43H46Co2O10Si+H+: 869.1597; found 869.1618 [M + H]+. 
General Procedure D. Preparation of oxepanes 17, 24 and 27 from cobaltcomplexed 
enynes 12, 13 and 26, respectively. A solution of the corresponding cobalt complex (1 
equiv) in dry CH2Cl2 (100 mL/mmol) under an argon atmosphere and in the presence of 
4Å molecular sieves was cooled to -20 ºC, and treated with BF3.OEt2 (1.2 equiv). The 
mixture was kept at that temperature until no further progress was revealed by TLC 
analysis, and then quenched with saturated aqueous NaHCO3. The cooling bath was 
removed and the layers were separated. The aqueous layer was extracted with CH2Cl2. 
The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo. The crude product was purified by silica gel chromatography. 
Oxepane 17a. Following the general procedure, this compound was prepared from 
complex 12a (80 mg, 0.10 mmol) to produce after silica gel column purification 
(Hexane/Ethyl acetate in gradient from 95:5 to 8:2) compound 18a (14 mg, 23%) 
followed by oxepane 17a (43 mg, 61 %). For 17a: 1H NMR (300 MHz, CDCl3, 25 ºC): δ 
7.37–7.23 (m, 15H,), 5.02 (d, J = 10.2 Hz, 1H, H-2), 4.53 (d, J = 11.4 Hz, 1H, CH2Ph), 4.42 
(d, J = 11.3 Hz, 1H, CH2Ph), 4.37–4.28 (m, 2H, H-6, H-7), 3.90 (d, J = 10.7 Hz, 1H, H-5), 
3.68 (dd, J = 15.3, 8.8 Hz, 1H, H-7), 3.47 (dt, J = 10.5, 3.3 Hz, 1H, H-3), 2.65 (td, J = 13.9, 
10.8 Hz, 1H, H-4ax), 2.49 (d, J = 2.2 Hz, 1H, OH), 2.14 (d, J = 14.6 Hz, 1H, H-4eq); 13C 
NMR (75 MHz, CDCl3, 25 ºC) δ 204.0, 198.0 (x6), 141.3, 137.7, 136.4, 129.4 (x2), 129.0 
(x2), 128.6 (x3), 128.5, 128.0 (x2), 127.8 (x2), 127.5, 127.0 (x2), 93.5, 86.1, 85.8, 79.4, 
72.5, 71.3, 70.7, 59.1, 31.3. HRMS (ESI+): m/z calcd for C34H26Co2O10+H+: 713.0263; 
found 713.0274 [M + H]+. The stereochemistries at C-2 and C-3 were assigned on the 
basis of a J2,3 = 10.2 Hz coupling constant, and observed NOEs between H-2, H-7ax, H-
4ax and OH. Confirmation of the proposed structure of 17a. A solution of 17a (100 mg, 
0.14 mmol) in THF (5 mL) at 0 ºC was treated with an excess of I2 (70 mg, 0.28 mmol). 
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The mixture was stirred at this temperature until no starting material was left (TLC 
analysis), quenched with saturated aqueous NaHCO3 solution, and extracted with 
AcOEt. The combined organic layers were washed with 10% aqueous Na2S2O3 solution, 
dried over Na2SO4, filtered, and concentrated in vacuo. The crude product was purified 
by silica gel chromatography (Hexane/Ethyl acetate 8:2) to give demetalated-17a (44 
mg, 74%). [α]25D = +10.2 (c 1.0, CHCl3); 1H NMR (300 MHz, CDCl3, 25 ºC): 7.67–7.00 (m, 
15H), 5.10 (d, J = 9.3 Hz, 1H, H-2), 4.77 (d, J = 11.7 Hz, 1H, CH2Ph), 4.56 (d, J = 11.7 Hz, 
1H, CH2Ph), 4.26–4.00 (m, 2H, H-6, H-7), 3.90 (ddd, J = 9.3, 3.2, 1.6 Hz, 1H, H-5), 3.69 
(dd, J = 12.7, 6.6 Hz, 1H, H-7), 3.22 (td, J = 9.3, 4.0 Hz, 1H, H-3), 2.82 (dt, J = 14.3, 9.3 
Hz, 1H, H-4), 2.41 (d, J = 4.9 Hz, 1H, OH), 2.20 (ddd, J = 14.3, 4.0, 1.6 Hz, 1H, H-4); 13C 
NMR (75 MHz, CDCl3, 25 ºC) δ 187.3, 141.4, 137.9, 133.2 (x2), 131.0, 128.8 (x2), 128.7 
(x2), 128.7 (x2), 128.2, 128.2, 128.0 (x2), 126.9 (x2), 119.8, 92.9, 87.3, 83.2, 79.3, 72.0, 
71.2, 71.0, 59.0, 28.7. HRMS (ESI+): m/z calcd for C28H26O4+H+: 427.1904; found 
427.1907 [M + H]+. 
For 18a: 1H NMR (300 MHz, CDCl3, 25 ºC): δ 7.70 (dd, J = 7.6, 1.7 Hz, 2H,), 7.47–7.22 
(m, 8H), 4.84 (d, J = 3.0 Hz, 1H, H-5), 4.72 (d, J = 12.4 Hz, 1H, Bn), 4.67 (d, J = 12.3 Hz, 
1H, Bn), 4.03–3.94 (m, 2H, H-6), 3.47 (td, J = 3.9, 1.9 Hz, 1H, H-4), 2.34 (dt, J = 12.4, 5.6 
Hz, 1H, H-2), 2.20–2.05 (m, 1H, H-3), 2.00-1.86 (m, 2H, H-2, H-3); 13C NMR (75 MHz, 
CDCl3, 25 ºC): δ 199.4, 138.8, 137.8, 130.3 (x2), 128.9 (x2), 128.6 (x2), 128.0, 127.8, 
127.6 (x2), 109.6, 94.2, 89.9, 76.6, 72.8, 70.3, 67.7, 34.0, 23.2. HRMS (ESI+): m/z calcd 
for C27H20Co2O9+H+: 606.9844; found 606.9816 [M + H]+. 
When the reaction was carried out following the general procedure but in the 
presence of allyltrimethylsilane (34 mg, 0.3 mmol), and after purification by flash 
chromatography C-3 allyl derivative 16 (36 mg, 49%) along with oxepane 17a (6 mg, 
8%) were isolated. For 16: 1H NMR (300 MHz, CDCl3) δ 7.73–7.55 (m, 2H), 7.47–7.12 
(m, 13H), 5.82 (dt, J = 16.7, 7.0 Hz, 1H, H-2’), 5.36 (dd, J = 4.3, 1.3 Hz, 1H, H-2), 5.17–
4.97 (m, 2H, H-3’), 4.64 (s, J = 18.9 Hz, 2H, OBn), 4.59 (s, J = 23.8 Hz, 2H, OBn), 4.41–
4.27 (m, 1H, H-5), 4.00 (dd, J = 7.1, 4.7 Hz, 1H, H-4), 3.87 (dd, J = 10.6, 4.5 Hz, 1H, H-6), 
3.78 (dd, J = 10.7, 1.9 Hz, 1H, H-6), 2.67–2.42 (m, 2H, H-3, H-1’), 2.08 (dt, J = 14.4, 10.1 
Hz, 1H, H-1’); 13C NMR (75 MHz, CDCl3,) δ 199.5 (x6), 149.0, 138.6, 138.6, 138.3, 136.5, 
129.9 (x2), 128.9 (x2), 128.6 (x2), 128.6 (x2), 128.0, 127.8 (x3), 127.7 (x3), 117.0, 104.4, 
77.7, 77.3, 76.8, 74.5, 73.8, 73.1, 71.7, 69.8, 35.6, 34.9; HRMS (ESI+): m/z calcd for 
C37H30Co2O9+H+: 737.0627; found 737.0617 [M + H]+. 
Oxepane 24b. Dicobalt hexacarbonyl complex 13b (470 mg, 0.56 mmol) was subjected 
to general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95:5 to 8:2) compound 18a (218 mg, 64%) followed by 
oxepane 24b (100 mg, 24%). For 24b: 1H RMN (300 MHz, CDCl3, 25 ºC) δ 7.47–7.22 (m, 
10H), 7.18 (t, J = 8.1 Hz, 1H, H-5’), 6.95–6.85 (m, 2H, H-2’, H-4’), 6.80 (d, J = 8.3 Hz, 1H, 
H-6’), 5.01 (d, J = 10.2 Hz, 1H, H-2), 4.55 (d, J = 11.4 Hz, 1H, CH2Ph), 4.43 (d, J = 11.4 Hz, 
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1H, CH2Ph), 4.39–4.28 (m, 2H, H-6, H-7), 3.91 (dd, J = 9.1, 2.7 Hz, 1 H, H-5), 3.74 (s, 3H, 
OMe), 3.67 (dd, J = 14.9, 9.0 Hz, 1H, H-7), 3.45 (td, J = 10.8, 3.5 Hz, 1H, H-3), 2.66 (dt, J 
= 14.1, 10.8 Hz, 1H, H-4), 2.51 (d, J = 2.3 Hz, 1 H, OH), 2.14 (d, J = 14.9 Hz, 1H, H-4); 13C 
RMN (75 MHz, CDCl3, 25 ºC) δ 203.9, 198.1 (x6), 159.8, 143.0, 137.8, 136.5, 129.7, 
129.5 (x2), 129.1 (x2), 128.7 (x3), 128.1, 127.9 (x2), 119.3, 114.1, 112.3, 93.6, 86.4, 
86.0, 79.5, 72.6, 71.5, 70.6, 59.3, 55.3, 31.6. HRMS (ESI+): m/z calcd for 
C35H28Co2O11+H+: 743.0368; found 743.0359 [M + H]+. 
Oxepane 24c. Dicobalt hexacarbonyl complex 13c (130 mg, 0.16 mmol) was subjected 
to general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95:5 to 8:2) compound 18a (45 mg, 46%) followed by oxepane 
24c (43 mg, 38%). For 24c: 1H RMN (300 MHz, CDCl3, 25 ºC) δ 7.59–6.85 (m, 14H), 4.90 
(d, J = 10.6 Hz, 1H,H-2), 4.46 (d, J = 11.5 Hz, 1H, CH2Ph), 4.34 (d, J = 11.5 Hz, 1H, CH2Ph), 
4.29–4.17 (m, 2H, H-5, H-7), 3.81 (ddd, J = 9.2, 2.9, 1.8 Hz, 1H, H-6), 3.59 (dd, J = 15.9, 
9.2 Hz, 1 H, H-7), 3.38 (td, J = 10.6, 3.5 Hz, 1 H, H-3), 2.57 (dt, J = 14.3, 10.6 Hz, 1H, H-
4), 2.40 (d, J = 2.9 Hz, 1H, OH), 2.20 (s, 3H, CH3), 2.05 (d, J = 14.3 Hz, 1H, H-4); 13C RMN 
(75 MHz, CDCl3, 25 ºC) δ 204.1, 198.1 (x6), 138.4, 137.8, 137.8, 136.5, 129.5 (x2), 129.3 
(x2), 129.1 (x2), 128.6 (x2), 128.6, 128.1, 127.9 (x2), 126.9 (x2), 93.7, 86.3 (x2), 79.6, 
72.4, 71.4, 70.7, 59.2, 31.5, 21.2. HRMS (ESI+): m/z calcd for C35H28Co2O10+H+: 
727.0419; found 727.0458 [M + H]+. 
Oxepane 24d. Dicobalt hexacarbonyl complex 13d (75 mg, 0.09 mmol) was subjected 
to general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95:5 to 8:2) compound 18a (17 g, 30%) followed by oxepane 
24c (44 mg, 62%). For 24c: 1H RMN (300 MHz, CDCl3, 25 ºC) δ 7.91–6.87 (m, 17H), 5.19 
(d, J = 10.4 Hz, 1H, H-2), 4.59 (d, J = 11.4 Hz, 1H, CH2Ph), 4.46 (d, J = 11.4 Hz, 1H, 
CH2Ph), 4.42–4.32 (m, 2H, H-5, H-7), 3.98 (dt, J = 8.7, 1.9 Hz, 1H, H-6), 3.73 (dd, J = 
15.3, 8.7 Hz, 1H, H-7), 3.57 (td, J = 10.4, 3.5 Hz, 1H, H-3), 2.73 (dt, J = 14.1, 10.4 Hz, 1H, 
H-4), 2.20 (d, J = 14.1 Hz, 1H, H-4); 13C RMN (101 MHz, CDCl3,) δ 204.3, 198.0 (x6), 
138.8, 137.8, 136.2, 133.3 (x2), 129.3 (x2), 128.9 (x2), 128.7 (x2), 128.6, 128.6, 128.3, 
128.2, 127.9 (x2), 127.1, 126.2, 126.2, 126.1, 124.9, 93.8, 86.5, 86.0, 79.6, 72.8, 71.5, 
70.8, 59.5, 31.7. HRMS (ESI+): m/z calcd for C38H28Co2O10+H+: 763.0419; found 
763.0421 [M + H]+. 
Oxepane 24e. Dicobalt hexacarbonyl complex 13e (125 mg, 0.15 mmol) was subjected 
to general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95:5 to 8:2) compound 18a (27 mg, 30%) followed by oxepane 
24e (69 mg, 63%). For 24e: 1H RMN (300 MHz, CDCl3, 25 ºC) δ 7.85–6.85 (m, 14H), 5.02 
(d, J = 10.6 Hz, 1H, H-2), 4.57 (d, J = 11.4 Hz, 1H, CH2Ph), 4.45 (d, J = 11.4 Hz, 1H, 
CH2Ph), 4.40–4.30 (m, 2H, H-5, H-7), 3.93 (dt, J = 9.6, 2.4 Hz, 1H, H-6), 3.70 (dd, J = 
15.6, 9.6 Hz, 1H, H-7), 3.43 (td, J = 10.6, 3.7 Hz, 1H, H-3), 2.67 (dt, J = 14.3, 10.6 Hz, 1H, 
H-4), 2.50 (d, J = 2.4 Hz, 1H, OH), 2.17 (d, J = 14.3 Hz, 1H, H-4); 13C RMN (75 MHz, 
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CDCl3, 25 ºC) δ 204.1, 198.0 (x6), 162.5 (1JC,F = 246.7 Hz), 137.8, 137.4, 136.4, 129.4 
(x2), 129.1 (x2), 128.8 (x2), 128.7 (x3), 128.1, 127.9 (x2), 115.4 (2JC,F = 21.5 Hz) (x2), 
93.8, 86.1, 85.6, 79.4, 72.8, 71.5, 70.8, 59.6, 31.3. HRMS (ESI+): m/z calcd for 
C34H25Co2FO10+H+: 731.0169; found 731.0145 [M + H]+. 
Oxepane 24f. Dicobalt hexacarbonyl complex 13f (100 mg, 0.11 mmol) was subjected 
to general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95:5 to 8:2) compound 18a (14 mg, 21%) followed by oxepane 
24f (48 mg, 54%). For 24f: 1H RMN (300 MHz, CDCl3, 25 ºC) δ 7.55–7.09 (m, 14H), 4.97 
(d, J = 10.6 Hz, 1H, H-2), 4.54 (d, J = 11.4 Hz, 1H, CH2Ph), 4.41 (d, J = 11.5 Hz, 1H, 
CH2Ph), 4.36–4.24 (m, 2H, H-5, H-7), 3.89 (d, J = 10.6 Hz, 1H, H-6), 3.66 (dd, J = 16.1, 9.3 
Hz, 1H, H-7), 3.37 (td, J = 10.6, 3.5 Hz, 1H, H-3), 2.64 (dt, J = 13.2, 10.6 Hz, 1H, H-4), 
2.48 (d, J = 2.7 Hz, 1H, OH), 2.14 (d, J = 13.2 Hz, 1H, H-4); 13C RMN (75 MHz, CDCl3, 25 
ºC) δ 204.1, 198.0 (x6), 140.6, 137.8, 136.4, 131.7 (x2), 129.4 (x2), 129.2 (x2), 128.8 
(x3), 128.7 (x2), 128.2, 127.9 (x2), 122.1, 93.9, 86.0, 85.6, 79.4, 72.8, 71.5, 70.9, 59.5, 
31.4. HRMS (ESI+): m/z calcd for C34H25Co2BrO10+H+: 895.1866; found 895.1891 [M + 
H]+. 
Oxepane 24g. Dicobalt hexacarbonyl complex 13f (100 mg, 0.11 mmol) was subjected 
to general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95:5 to 8:2) compound 18a (16 mg, 24%) followed by oxepane 
24g (50 mg, 54%). For 24g: 1H RMN (300 MHz, CDCl3, 25 ºC): δ 7.62 (d, J = 8.2 Hz, 2H, o 
I-C6H4), 7.51 – 7.20 (m, 10 H), 7.09 (d, J = 8.2 Hz, 2 H, m I-C6H4), 4.99 (d, J = 10.7 Hz, 
1H, H-2), 4.57 (d, J = 11.3 Hz, 1H, CH2Ph), 4.45 (d, J = 11.3 Hz, 1H, CH2Ph), 4.39–4.27 (m, 
2H, H-5, H-7), 3.92 (d, J = 9.7 Hz, 1H, H-6), 3.69 (dd, J = 16.3, 9.7 Hz, 1H, H-7), 3.40 (td, J 
= 10.7, 4.2 Hz, 1H, H-3), 2.67 (dt, J = 14.6, 10.7 Hz, 1H, H-4), 2.48 (d, J = 2.4 Hz, 1H, OH), 
2.17 (d, J = 14.6 Hz, 1H, H-4); 13C RMN (75 MHz, CDCl3, 25 ºC): δ 204.1, 197.9 (x6), 
141.2, 137.7 (x2), 136.4, 132.1, 129.4 (x2), 129.2 (x2), 129.0 (x2), 128.8, 128.7 (x2), 
128.4, 128.2, 127.9 (x2), 93.8, 86.0, 85.6, 79.4, 72.8, 71.5, 70.9, 66.0, 31.5. HRMS 
(ESI+): m/z calcd for C34H25Co2O10+H+: 838.9229; found 838.9253 [M + H]+. 
Oxepane 17c. Dicobalt hexacarbonyl complex 12c (72 mg, 0.09 mmol) was subjected to 
general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95/5 to 8/2) compound 18c (9.2 mg, 16%) followed by 
oxepane 17c (51.4 mg, 80%). For 17c: 1H NMR (400 MHz, CDCl3, 25 ºC): δ 7.59–6.95 (m, 
10H), 4.90 (d, J = 10.2 Hz, 1H, H-1), 4.67 (d, J = 11.6 Hz, 1H, CH2Ph), 4.55 (d, J = 11.6 Hz, 
1H, CH2Ph), 4.35 (d, J = 8.9 Hz, 2H, H-6, H-5), 3.98–3.85 (m, 1H, H-4), 3.73–3.59 (m, 1H, 
H-6´), 3.20 (td, J = 10.8, 3.4 Hz, 1H, H-2), 2.70 (dt, J = 14.5, 10.9 Hz, 1H, H-3), 2.54 (d, J = 
2.4 Hz, 1H, OH), 2.31 (ddd, J = 15.8, 10.2, 6.0 Hz, 1H, H-3´), 2.12 (td, J = 9.8, 4.1 Hz, 1H, 
H-10), 2.07 – 1.98 (m, 1H, H-10´), 1.61 – 1.10 (m, 8H), 1.07–0.74 (m, 3H, H-15).; 13C 
RMN (75 MHz, CDCl3, 25 ºC) δ 128.7(x4), 128.1 (x2), 127.9 (x2), 127.0, 86.7, 79.8, 77.2, 
82 
72.8, 71.7, 70.8, 60.2, 33.1, 31.9, 31.819, 319.6, 29.3, 22.7, 14.1.; HRMS (ESI+): m/z 
calcd for C34H34Co2O10+H+: 721.0889; found 721.0850 [M + H]+. 
For 18c: 1H NMR (500 MHz, CDCl3, 25 ºC): δ = 7.43–7.27 (m, 5H), 4.77–4.71 (m, 1H, H-
5), 4.66 (s, 2H, CH2Ph), 3.89 (dd, J = 7.4, 5.3, 1H, H-6), 3.85 (dd, J = 7.4, 0.9, 1H, H-6´), 
3.41–3.37 (m, 1H, H-4), 2.81 (ddd, J = 8.0, 6.2, 0.9, 2H, CH2), 2.28–2.18 (m, 1H), 2.11–
1.98 (m, 2H, CH2), 1.96–1.88 (m, 1H, CH2), 1.82 (dd, J=12.9, 5.7, 1H, CH2), 1.70–1.61 (m, 
2H, CH2), 1.51–1.41 (m, 2H, CH2), 1.38–1.28 (m, 6H, 3xCH2), 0.95–0.81 (m, 3H, CH3).; 
13C RMN (126 MHz, CDCl3, 25 ºC) δ 165.3, 138.7, 128.6 (x2), 127.8, 127.7 (x2), 109.2, 
76.6, 72.6, 70.3, 67.5, 33.9, 33.4, 32.1, 31.8, 29.9, 29.4, 23.1, 22.8, 14.2.; HRMS (ESI+): 
m/z calcd for C27H28Co2O9+H+: 615.047; found 615.0448 [M + H]+.- Revisar- 
Oxepane 17d. Dicobalt hexacarbonyl complex 12d (726 mg, 0.09 mmol) was subjected 
to general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95/5 to 8/2) compound 18d (4.2 mg, 8%) followed by oxepane 
17d (53.6 mg, 89%). For 17d: 1H NMR (300 MHz, CDCl3, 25 ºC): δ 7.44–7.17 (m, 10H), 
5.34 (s, 1H, H-9), 4.76 (d, J = 10.3 Hz, 1H, H-1), 4.66 (d, J = 12.0 Hz, 1H, CH2Ph), 4.57 (d, 
J = 11.9 Hz, 1H, CH2Ph), 4.33 (m, J = 10.1, 3.7 Hz, 1H, H-2), 2.72 (dt, J = 15.6, 10.8 Hz, 
1H, H-3), 2.56 (s, 1H, OH), 1.95 (d, J = 16.3 Hz, 1H, H-3´).; 13C RMN (75 MHz, CDCl3, 25 
ºC) δ 202.7, 198.4 (x6), 141.4, 138.0, 128.8 (x2), 128.7 (x2), 128.3, 128.2, 127.9 (x2), 
126.9 (x2), 87.1, 79.2, 77.2, 73.6, 72.8, 71.6, 70.7, 60.8, 31.0.HRMS (ESI+): m/z calcd for 
C28H22Co2O10+H+: 636.9950; found 636.9974 [M + H]+. 
For 18d: 1H NMR (300 MHz, CDCl3, 25 ºC): δ = 7.66–7.28 (m, 5H), 6.05 (s, 1H, H-7), 
4.92–4.51 (m, 3H, H-5, CH2Ph), 4.01–3.74 (m, 2H, H-6, H-6´), 3.38 (s, 1H, H-4), 2.42–
1.68 (m, 4H, H-2, H-2´, H-3, H-3´).; 13C RMN (75 MHz, CDCl3, 25 ºC): δ 199.6 (x6), 138.6, 
128.6 (x2), 127.8 (x3), 109.0, 72.4, 71.5, 70.48, 7.5, 34.7, 29.9, 23.0.; HRMS (ESI+): m/z 
calcd for C21H16Co2O9+H+:530.9531; found 530.9519 [M + H]+. 
Oxepane 27a. Dicobalt hexacarbonyl complex 26a (776 mg, 1.03 mmol) was subjected 
to general procedure D to produce after silica gel column purification (Hexane/Ethyl 
acetate in gradient from 95:5 to 8:2) compound 18a (314 mg, 50%) followed by 
oxepane 27a (300 mg, 44%). For 27a: 1H RMN (300 MHz, CDCl3, 25 ºC) δ 7.68–7.55 (m, 
2H), 7.44–7.12 (m, 8H), 5.79 (ddd, J = 16.9, 10.5, 6.2 Hz, 1H, H-1’), 5.28 (dt, J = 17.2, 1.4 
Hz, 1H, H-2’), 5.13 (dt, J = 10.5, 1.3 Hz, 1H, H-2’), 4.55 (dd, J = 10.3, 6.2 Hz, 1H, H-2), 
4.48 (d, J = 11.5 Hz, 1H, CH2Ph), 4.39 (d, J = 11.5 Hz, 1H, CH2Ph), 4.23–4.15 (m, 1H, H-6), 
4.07 (dd, J = 13.2, 5.0 Hz, 1H, H-7), 3.71–3.59 (m, 2H, H-5, H-7), 3.13 (td, J = 10.7, 2.7 
Hz, 1H, H-3), 2.62–2.47 (m, 2H, H-4, OH), 2.00 (d, J = 14.8 Hz, 1H, H-4); 13C RMN (75 
MHz, CDCl3, 25 ºC) δ 204.0, 198.5 (x6), 138.1, 136.9, 130.0 (x2), 129.6 (x2), 129.2, 128.9 
(x2), 128.4, 128.2 (x2), 127.4, 117.4, 93.9, 86.9, 83.9, 80.0, 71.6, 70.6, 70.0, 56.8, 30.9. 
HRMS (ESI+): m/z calcd for C30H24Co2O10+H+: 663.0106; found 663.0082 [M + H]+
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Oxepane 27d. Dicobalt hexacarbonyl complex 26d (97.9 mg, 0.145 mmol) was 
subjected to general procedure D to produce after silica gel column purification 
(Hexane/Ethyl acetate in gradient from 95/5 to 8/2) compound 18d (5.2 mg, 7%) 
followed by oxepane 27d (62.3 mg, 73%). For 27d: 1H RMN (300 MHz, CDCl3, 25 ºC): δ 
7.35 (m, 5H), 5.75 (ddd, J = 16.9, 10.6, 6.1 Hz, 1H, H-8), 5.22 (d, J = 17.2 Hz, 1H, H-9), 
5.14 (d, J = 10.7 Hz, 1H, H-9´), 4.65–4.52 (m, 2H, CH2Ph), 4.44 (dd, J = 10.3, 5.9 Hz, 1H, 
H-1), 4.18 (d, J = 6.8 Hz, 1H, H-4), 4.03 (dd, J = 13.2, 4.8 Hz, 1H, H-6), 3.70–3.55 (m, 2H, 
H-5, H-6´), 2.86 (dd, J = 11.9, 9.1 Hz, 1H, H-2), 2.52 (d, J = 10.9 Hz, 2H, OH, H-3), 1.89 (d, 
J = 14.0 Hz, 1H, H-3´); 13C RMN (75 MHz, CDCl3, 25 ºC) δ 202.5, 198.5 (x6), 138.2, 136.7, 
129.0 (x2), 128. 5, 128.2 (x2), 117.3, 100.0, 83.6, 80.0, 73.52, 71.7, 70.3, 69.6, 57.4, 
30.8.HRMS (ESI+): m/z calcd for C24H20Co2O10+H+: 586.9793; found 586.9797 [M + H]+. 
Procedure for Pauson Khand Cyclization of 27a. A solution of dicobalt-enyne complex 
27a (78 mg, 0.12 mmol) in CH2Cl2 (2 mL) under an argon atmosphere was cooled to -20 
ºC, and treated with TMANO.2H2O in five lots (7 mg, 0.06 mmol) in 30 min intervals. 
Stirring was maintained until complete disappearance of the dicobalt-enyne complex 
(TLC monitoring), and the reaction mixture was filtered through Celite®, and washed 
with CH2Cl2. The solvent was removed under vacuum and the residue was purified by 
column chromatography (silica gel, Hexanes/Ethyl acetate 7:3 to 1:1) to give triciclic 
compound 28 (24 mg. 49%). Data for compound 28: [α]25D = -143.4 (c 0.8, CHCl3); 1H 
NMR (400 MHz, CDCl3, 25 ºC): δ = 8.03–7.92 (m, 2H), 7.49–7.26 (m, 8H), 4.76 (d, J = 
11.1 Hz, 1H, CH2Ph), 4.45 (d, J = 11.2 Hz, 1H, CH2Ph), 4.13–4.04 (m, 2H, H-4, H-9b), 
3.86–3.70 (m, 2H, H-2, H-3), 3.52–3.40 (m, 1H, H-2), 3.33 (ddd, J = 9.2, 6.6, 3.0 Hz, 1H, 
H-9a), 3.18 (ddd, J = 10.4, 8.7, 2.3 Hz, 1H, H-5a), 3.10 (dd, J = 18.7, 6.5 Hz, 1H, H-9), 
2.62 (dd, J = 18.6, 3.1 Hz, 1H, H-9), 2.44 (ddd, J = 14.7, 6.3, 2.1 Hz, 1H, H-5), 2.01 (dd, J 
= 14.6, 12.8 Hz, 1H, H-5); 13C RMN (101 MHz, CDCl3,): δ = 207.7, 201.9, 161.0, 141.2, 
137.2, 131.0, 130.6 (x2), 128.8 (x2), 128.8, 128.4, 128.3 (x2), 128.2 (x2), 83.0, 75.7, 
72.1, 71.0, 69.1, 48.2, 46.6, 43.2, 26.0. HRMS (ESI+): m/z calcd for C25H24O5+H+: 
405.1697; found 405.1706 [M + H]+; elemental analysis calcd (%) for C25H24O5: C 74.24, 
H 5.98; found C, 74.13, H 6.06. 
Procedure for Tandem Nicholas-Ferrier Reaction/ Pauson Khand Cyclization: A 
solution of dicobalt-enyne complex 26a (64 mg, 0.085 mmol)) in dry CH2Cl2 (5 mL) 
under an argon atmosphere and in the presence of 4Å molecular sieves was cooled to -
20 ºC, and treated with BF3.OEt2 (14.5 mg, 0.10 mmol). The mixture was kept at that 
temperature for 1 h, quenched by addition of Et3N (18 mL, 0.13 mmol), at -20 ºC and 
then stirred for additional 30 min. While keeping the temperature at -20 ºC, 
TMANO.2H2O was added in five lots (7 mg, 0.06 mmol) in 30 min intervals and then the 
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mixture was stirred for 1 h, filtered through Celite®, and washed with CH2Cl2. The 
solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, Hexanes/Ethyl acetate 7:3 to 1:1) to give tricyclic 
compound 28 (2 mg, 7%). 
Procedures for reaction of keto-oxepanes 17a and 24b with Lewis acid/hydride 
donors. With BH3.SMe2/TMSOTf. A solution of dicobalt enine complex 17a (55 mg. 
0.08 mmol) or 24b (35 mg, 0.05 mmol) in dry CH2Cl2 (2 mL), under an argon 
atmosphere was cooled to -50 ºC and treated with BH3.SMe2 (0.09 mmol, 44 μL, and 
0.06 mmol, 28 μL, respectively, 2.0 M solution in THF) and TMSOTf (41 mg, 0.18 mmol 
and 25 mg, 0.11 mmol, respectively). The mixture was kept at that temperature until 
complete disappearance of the starting material (TLC monitoring) and then the 
reaction mixture was diluted with CH2Cl2 and washed with aqueous NaHCO3, water 
and brine. The solvent was removed under vacuum and the residue was purified by 
column chromatography (silica gel, Hexanes/Ethyl acetate 95:5) to give compounds 29 
(32 mg, 60 %) and 30 (19 mg, 56%), respectively, as an inseparable 1:1 mixture of 
diastereomers. With other Lewis acid/hydride donors: A solution of dicobalt enine 
complex 17a (42 mg. 0.06 mmol) in dry CH2Cl2 (2 mL), under an argón atmosphere was 
treated with Et3SiH (14 mg, 0.12 mmol) and InCl3 (41 mg, 0.18 mmol.). The mixture was 
kept at that temperature until complete disappearance of the starting material (30 
minutes) and then the reaction mixture was diluted with CH2Cl2 and washed with 
aqueous NaHCO3, water and brine. The solvent was removed under vacuum and the 
residue was purified by column chromatography (silica gel, Hexanes/Ethyl acetate 
95:5) to give compound 29 (15 mg. 37%). 
For 29: 1H RMN (300 MHz, CDCl3, 25 ºC): δ = 7.72–7.57 (m, 2H), 7.47–7.02 (m, 13H), 
5.75 (s, 1H, H-7, major isomer), 5.50 (s, 1H, H-7 minor isomer), 5.14 (s, 1H, H-2 minor 
isomer), 5.00 (s, 1H, H-2 major isomer), 4.69 (d, J = 12.1 Hz, 1H, CH2Ph), 4.63 (d, J = 
12.2 Hz, 1H, CH2Ph), 4.56 (d, J = 11.9 Hz, 1H, CH2Ph), 4.51 (d, J = 11.9 Hz, 1H, CH2Ph), 
4.41 (d, J = 5.1 Hz, 1H, H-5), 4.32–4.17 (m, 3H, H-4, H-9), 4.16–3.97 (m, 4H, H-4, H-5, H-
9 minor isomer), 2.81 (d, J = 6.3 Hz, 1H, H-1 minor isomer), 2.67 (dd, J = 14.3, 8.9 Hz, 
1H, H-8 minor isomer), 2.36–2.18 (m, 2H, H-1, H-8, major isomer), 1.97–1.82 (m, 1H, H-
8, major isomer); 13C RMN (75 MHz, CDCl3, 25 ºC, major isomer only): δ = 199.4 (x6), 
141.7, 138.6, 138.0, 130.0 (x2), 128.9 (x2), 128.5 (x2), 128.4 (x2), 128.0, 127.6 (x2), 
127.6 (x2), 127.5, 125.5, 97.1, 92.7, 86.5, 80.2, 76.8, 73.7, 70.4 (x2), 47.3, 24.0. HRMS 
(ESI+): m/z calcd for C34H26Co2O9+NH4+: 714.0579; found 714.0585 [M + NH4]+. 
For 30: 1H RMN (300 MHz, CDCl3, 25 ºC): δ = 7.76–7.56 (m, 4H), 7.49–7.29 (m, 16H), 
7.25 (t, J = 8.1 Hz, 1H, H-5’), 7.10 (t, J = 7.9 Hz, 1H, H-5’), 6.93–6.75 (m, 3H), 6.75–6.63 
(m, 2H), 6.60 (t, J = 2.0 Hz, 1H, H-2’), 5.73 (s, 1H, H-7), 5.51 (d, J = 1.6 Hz, 1H, H-7), 5.10 
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(s, 1H, H-2), 4.97 (s, 1H, H-2), 4.68 (d, J = 12.1 Hz, 1H, CH2Ph), 4.63 (d, J = 12.1 Hz, 1H, 
CH2Ph), 4.56 (d, J = 12.0 Hz, 1H, CH2Ph), 4.51 (d, J = 12.1 Hz, 1H, CH2Ph), 4.45–4.36 (m, 
2H, H-5), 4.33–4.15 (m, 3H, H-4, H-9), 4.15–3.92 (m, 3H, H-4, H-9), 3.78 (s, 3H, OMe), 
3.60 (s, 3H, OMe), 2.80 (d, J = 6.1 Hz, 1H, H-1), 2.65 (dd, J = 14.2, 9.4 Hz, 1H, H-8), 2.32 
(dd, J = 4.7, 2.5 Hz, 1H, H-1), 2.25 (dd, J = 14.8, 9.3 Hz, 1H, H-8), 2.00–1.78 (m, 2H, H-8); 
13C RMN (101 MHz, CDCl3, 25 ºC): δ = 199.6 (x12), 159.7, 159.5, 143.5, 143.3, 138.6, 
138.5, 138.2, 137.9, 130.0 (x2), 129.8 (x2), 129.5, 129.3, 129.1 (x2), 129.0 (x2), 128.6 
(x2), 128.4 (x2), 128.0, 128.0, 127.8, 127.7 (x2), 127.7 (x2), 127.6, 118.5, 117.8, 113.4, 
113.1, 111.7, 111.1, 97.0, 96.1, 92.7, 91.7, 86.3, 80.1, 77.4, 76.8 (x2), 75.8, 74.4, 73.5, 
73.1, 70.4 (x2), 70.3, 55.3, 55.2, 47.2, 46.7, 30.3, 24.1. HRMS (ESI+): m/z calcd for 
C35H28Co2O10+NH4+: 744.0690; found 744.0604 [M + NH4]+. 
General Procedure E. General procedure for the coupling reaction of 
cobaltcomplexed enyne 14 with nucleophiles. To a solution of the cobalt complex in
dry CH2Cl2 and cooled to -20 ºC, BF3.OEt2 (1 equiv) and the corresponding nucleophile 
(3 equiv) were added. The mixture was kept at that temperature until no further 
progress was revealed by TLC analysis, and then quenched with saturated aqueous 
NaHCO3. The cooling bath was removed and the layers were separated. The aqueous 
layer was extracted with CH2Cl2. The combined organic layers were washed with brine, 
dried over Na2SO4, filtered, and concentrated in vacuo. 
Glycal 31a. This compound was prepared from dicobalt hexacarbonyl complex 14 (70 
mg, 0.08 mmol) and allyltrimethylsilane (27 mg, 0.24 mmol) according to the general 
procedure E. The crude product was purified by silica gel chromatography
(Hexane/Ethyl acetate 99:1) to give compound 31a (45.3 mg, 70%) as a brownish oil: 
1H RMN (300 MHz, CDCl3, 25 ºC): δ = 7.66–7.23 (m, 10H), 5.80 (tdd, J = 14.3, 10.1, 7.2 
Hz, 1H, H-2’), 5.30 (d, J = 4.0 Hz, 1H, H-2), 5.0–5.01 (m, 2H, H-3’), 4.67 (d, J = 11.8 Hz, 
1H, CH2Ph), 4.63 (d, J = 11.8 Hz, 1H, CH2Ph), 4.26 (dd, J = 11.0, 4.6 Hz, 1H, H-5), 4.07–
3.83 (m, 3H, H-4, 2xH-6), 2.63–2.47 (m, 2H, H-1’), 2.09 (td, J = 14.0, 8.2 Hz, 1H, H-3), 
1.11–1.00 (m, 21H, TIPS); 13C NMR (75 MHz, CDCl3, 25 ºC): δ = 199.4 (x6), 149.0, 138.8, 
138.3, 136.6, 129.8 (x2), 128.8 (x2), 128.4 (x2), 127.8, 127.7 (x2), 127.6, 116.8, 104.5, 
91.3, 86.6, 75.7, 72.5, 71.4, 62.7, 35.5, 34.5, 18.2 (x6), 12.1 (x3). HRMS (ESI+): m/z calcd 
for C39H44Co2O9Si+H+: 803.1491; found 803.1484 [M + H]+. 
Glycal 31b. This compound was prepared from dicobalt hexacarbonyl complex 14 (92 
mg, 0.10 mmol) and N-methylindol (39 mg, 0.30 mmol) according to the general 
procedure E. The crude product was purified by silica gel chromatography 
(Hexane/Ethyl acetate 99:1) to give compound 31b (52 mg, 59%) as a brownish oil: 1H 
RMN (300 MHz, CDCl3, 25 ºC): δ = 7.63–6.73 (m, 15H), 5.48 (d, J = 3.6 Hz, 1H, H-2), 4.54 
(d, J = 11.4 Hz, 1H, CH2Ph), 4.45 (d, J = 11.3 Hz, 1H, CH2Ph), 4.28 (dd, J = 9.6, 4.4 Hz, 1H, 
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H-5), 4.22–4.11 (m, 3H, H-4, H-6), 3.98 (d, J = 4.3 Hz, 1H, H-3), 3.63 (s, 3H, CH3), 1.01–
0.95 (m, 21H, TIPS); 13C NMR (75 MHz, CDCl3, 25 ºC): δ = 199.7 (x 6), 149.5, 138.9, 
138.5, 137.3, 130.1 (x 2), 129.1, 128.9 (x 2), 128.5, 128.4 (x 2), 128.2 (x 3), 127.7, 121.8, 
119.9, 119.2, 114.3, 109.6, 104.9, 92.3, 86.9, 77.6, 73.7, 72.6, 63.0, 33.1 (x2), 18.5 (x6), 
12.4 (x3). HRMS (ESI+): m/z calcd for C45H47Co2NO9Si+H+: 892.1757; found 892.1744 [M 
+ H]+. 
Glycal 31c. This compound was prepared from dicobalt hexacarbonyl complex 14 (60 
mg, 0.07 mmol) and indol (25 mg, 0.21 mmol) according to the general procedure E. 
The crude product was purified by silica gel chromatography (Hexane/Ethyl acetate 
99:1) to give compound 31c (40 mg, 65%) as a brownish oil: 1H RMN (300 MHz, CDCl3, 
25 ºC): δ = 8.06 (s, 1H, NH), 7.73–7.60 (m, 3H), 7.45–6.98 (m, 12H), 5.56 (bs, 1H, H-2), 
4.57 (d, J = 11.4 Hz, 1H, CH2Ph), 4.49 (d, J = 11.5 Hz, 1H, CH2Ph), 4.43–4.35 (m, 1H, H-5), 
4.29–4.20 (m, 2H, H-3, H-4), 4.05 (d, J = 4.5 Hz, 2H, H-6), 1.41–0.69 (m, 21H, TIPS); 13C 
RMN (75 MHz,CDCl3, 25 ºC): δ = 199.4 (x6), 149.3, 138.6, 138.2, 136.3, 129.8 (x2), 
128.9 (x2), 128.4, 128.2, 128.1 (x2), 127.9, 127.7 (x2), 123.7, 122.0, 119.5, 119.4, 115.7, 
111.3, 104.4, 91.6, 86.6, 77.4, 73.1, 72.2, 62.8, 32.7, 18.2 (x6), 12.1 (x3). HRMS (ESI+): 
m/z calcd for C44H45Co2NO9Si+H+: 878.1600; found 878.1586 [M + H]+. 
Glycal 31d. This compound was prepared from dicobalt hexacarbonyl complex 14 (86 
mg, 0.10 mmol) and pyrrole (7 mg, 0.10 mmol) at -78 ºC according to the general 
procedure E. The crude product was purified by silica gel chromatography 
(hexane/Ethyl acetate 95:5) to give compound 31d (42 mg, 51%) as a brownish oil: 1H 
RMN (300 MHz, CDCl3, 25 ºC): δ = 8.30 (s, 1H, NH), 7.72–7.53 (m, 2H), 7.44–7.11 (m, 
8H), 6.67 (dd, J = 4.5, 2.4 Hz, 1H, H-5’), 6.14 (dd, J = 6.1, 3.1 Hz, 1H, H-4’), 6.01 (bs, 1H, 
H-3’), 5.43 (d, J = 4.2 Hz, 1H, H-2), 4.74 (d, J = 11.5 Hz, 1H, CH2Ph), 4.62 (d, J = 11.6 Hz, 
2H, CH2Ph), 4.24 (t, J = 5.0 Hz, 1H, H-4), 4.20–3.90 (m, 3H, H-5, H-6), 3.85 (t, J = 4.5 Hz, 
1H, H-3), 1.31–0.89 (m, 21H, TIPS); 13C RMN (75 MHz, CDCl3, 25 ºC): δ = 199.6 (x6), 
150.6, 138.8, 138.4, 131.4, 130.1 (x2), 129.2, 129.1, 129.0 (x2), 128.8, 128.3, 128.2, 
128.1, 118.0, 108.1 (x2), 102.2, 91.9, 86.2, 76.5, 74.7, 72.9, 62.9, 35.1, 18.4 (x6), 12.4 
(x3). HRMS (ESI+): m/z calcd for C40H43Co2NO9Si+H+: 828.1444; found 828.1438 [M + 
H]+.
Glycal 31e. This compound was prepared from dicobalt hexacarbonyl complex 14 (84 
mg, 0.10 mmol) and N-methylpyrrole (24 mg, 0.29 mmol) according to the general 
procedure E. The crude product was purified by silica gel chromatography
(hexane/Ethyl acetate 99:1) to give compound 31e (47 mg, 57%) as a brownish oil: 1H 
RMN (300 MHz, CDCl3, 25 ºC): δ = 7.61–6.96 (m, 10H), 6.48 (s, 1H, H-5’), 6.04–6.01 (m, 
1H, H-4’), 5.90 (dd, J = 3.2, 1.6 Hz, 1H, H-3’), 5.39 (d, J = 4.0 Hz, 1H, H-2), 4.57 (d, J = 
12.0 Hz, 1H, CH2Ph), 4.47 (d, J = 12.9 Hz, 1H, CH2Ph), 4.33–3.70 (m, 4H, H-4, H-5, H-6), 
3.48–3.42 (m, 1H, H-3), 3.35 (s, 3H, CH3); 13C RMN (75 MHz, CDCl3, 25 ºC): δ = 199.6 
(x6), 150.2, 138.9, 131.9, 130.0 (x2), 129.1 (x2), 128.7, 128.6 (x2), 128.2, 128.1, 122.8 
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(x2), 109.8, 107.1, 103.2, 91.6, 86.5, 76.5, 74.6, 73.0, 72.7, 62.7, 34.3, 31.8, 18.4 (x6), 
12.3 (x3). HRMS (ESI+): m/z calcd for C41H45Co2NO9Si+H+: 842.1600; found 842.1619 [M 
+ H]+. 
Glycal 31f. This compound was prepared from dicobalt hexacarbonyl complex 14 (73 
mg, 0.08 mmol) and furan (17 mg, 0.24 mmol) according to the general procedure E. 
The crude product was purified by silica gel chromatography (Hexane/Ethyl acetate 
99:1) to give compound 31f (62 mg, 57%) as a brownish oil: 1H RMN (300 MHz, CDCl3, 
25 ºC): δ = 7.67–7.61 (m, 1H, H-5’), 7.41–7.24 (m, 10H, arom.), 6.34 (dd, J = 3.1, 1.9 Hz, 
1H, H-4’), 6.11 (d, J = 3.2 Hz, 1H, H-3’), 5.42 (d, J = 5.0 Hz, 1H, H-2), 4.93 (d, J = 11.0 Hz, 
1H, CH2Ph), 4.55 (d, J = 11.1 Hz, 1H, CH2Ph), 4.23 (dd, J = 8.4, 5.8 Hz, 1H, H-5), 4.16–
4.00 (m, 4H, H-3, H-4, H-6), 1.07–1.00 (m, 21H, TIPS); 13C RMN (75 MHz, CDCl3, 25 ºC): 
δ = 199.5 (x6), 155.0, 151.7, 142.2, 138.7, 130.0 (x2), 129.10 (x2), 128.5 (x2), 128.3 (x2), 
128.2, 128.0, 127.9, 110.7, 108.8, 100.5, 92.0, 85.8, 76.6, 72.7, 72.0, 62.7, 35.9, 18,4 
(x6), 12.4 (x3). HRMS (ESI+): m/z calcd for C40H42Co2O10Si+H+: 829.1284; found 
829.1285 [M + H]+. 
Open-chain derivative 32. This compound was prepared from dicobalt hexacarbonyl 
complex 14 (90 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene (50 mg, 0.30 mmol) 
according to the general procedure E. The crude product was purified by silica gel 
chromatography (Hexane/Ethyl acetate 9:1) to give compound 32 (56 mg, 58%) as a 
brownish oil: 1H NMR (300 MHz, C6D6, 25 ºC): δ = 7.55–7.37 (m, 2H), 7.24–7.03 (m, 5H), 
6.98–6.85 (m, 2H), 6.01 (s, 2H), 5.28 (d, J = 11.7 Hz, 1H, OBn), 4.92 (d, J = 11.6 Hz, 1H, 
OBn), 4.66 (dd, J = 10.7, 1.6 Hz, 1H, H-4), 4.50 (ddd, J = 10.4, 8.1, 5.6 Hz, 1H, H-5), 4.24–
4.12 (m, 2H, H-6), 3.34–3.23 (m, 9H, OMe), 3.26–3.12 (m, 2H, H-2), 3.00 (d, J = 1.4 Hz, 
1H, H-3), 1.10–0.69 (m, 21H, OTIPS); 13C NMR (75 MHz, CDCl3, 25 ºC): δ = 201.3, 196.8 
(x6), 158.4 (x2), 157.6, 137.6, 135.3, 127.9 (x2), 127.2 (x2), 126.6, 126.6 (x2), 126.4 
(x2), 125.6, 107.6, 89.6, 78.5, 75.8, 75.4, 75.0, 72.9, 72.6, 61.3, 53.6, 43.8, 31.4, 28.1, 
16.3 (x6), 10.2 (x3). HRMS (ESI+): m/z calcd for C45H52Co2O13Si+H+: 947.1914; found 
947.1910 [M + H]+. 
Bis-C,C-glycoside 33. This compound was prepared from dicobalt hexacarbonyl 
complex 14 (84 mg, 0.10 mmol) and TMSCN (30 mg, 0.30 mmol) according to the 
general procedure E. The crude product was purified by silica gel chromatography 
(Hexane/Ethyl acetate 99:1) to give compound 33 (58 mg, 76%) as a brownish oil: 1H 
RMN (300 MHz, CDCl3, 25 ºC): δ = 7.76–7.54 (m, 2H), 7.45–7.26 (m, 8H), 6.22 (dd, J = 
10.0, 1.6 Hz, 1H, H-2), 5.95 (dd, J = 10.0, 1.8 Hz, 1H, H-3), 4.72 (d, J = 11.4 Hz, 1H, 
CH2Ph), 4.60 (d, J = 11.4 Hz, 1H, CH2Ph), 4.26 (dt, J = 8.9, 1.7 Hz, 1H, H-4), 4.21–4.06 (m, 
2H, H-5, H-6), 4.01 (dd, J = 11.3, 4.9 Hz, 1H, H-6), 1.16–0.87 (m, 21H, TIPS); 13C RMN (75 
MHz, CDCl3, 25 ºC): δ = 198.4 (x6), 137.8, 136.8, 131.3, 130.1 (x2), 129.1 (x2), 128.7 
(x2), 128.4, 128.1, 127.8 (x2), 127.5, 117.6, 93.0, 89.9, 78.6, 74.6, 71.5, 69.3, 62.8, 18.1 
88 
(x6), 12.1 (x3). HRMS (ESI+): m/z calcd for C37H39Co2NO9Si+NH4+: 805.1396; found 
805.1387 [M + NH4]+. 
General Procedure F. Electrophilic Addition to Cobalt-complexed Enynes 31 to 
branched pyranoses 35. To a solution of the dicobalt-enyne complex 31 in dry CH2Cl2
(50 mL/mmol) and cooled to -20 ºC, BF3.OEt2 (1 equiv.) and pyrrole (2 equiv.) were 
added. The mixture was kept at that temperature for the time showed in Table 7, and 
then quenched with saturated aqueous NaHCO3. The cooling bath was removed and 
the layers were separated. The aqueous layer was extracted with CH2Cl2. The 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo and the residue was purified by column chromatography. 
General Procedure for the sequential one-pot synthesis of branched pyranoses 34 
and 35. A solution of the dicobalt-enyne complex 14 in dry CH2Cl2 (50 mL/mmol) and 
cooled to -20 ºC, was treated with the approppriate nucleophile (3 equiv.) and BF3.OEt2
(1 equiv.). The mixture was kept at that temperature for 30 min, and then pyrrole (3 
equiv.) and BF3.OEt2 (1.2 equiv.) were added. The mixture was kept at that 
temperature until complete disappearance of the starting material (TLC monitoring) 
and then the reaction mixture was diluted with CH2Cl2 and washed with aqueous 
NaHCO3, water and brine. The solvent was removed under vacuum and the residue 
was purified by column chromatography. 
Compound 34. This compound was prepared from dicobalt hexacarbonyl complex 14 
(66 mg, 0.075 mmol) and pyrrole (8 mg, 0.12 mmol) according to the general 
procedure. The crude product was purified by silica gel chromatography (Hexane/Ethyl 
acetate 95:5) to give compound 31d (9 mg, 15%) along with compound 34 (32 mg, 48 
%). For 34: 1H RMN (400 MHz, CDCl3, 25 ºC): δ = 9.00 (s, 1H, H-N1’), 8.35 (s, 1H, H-N1”), 
7.62–7.51 (m, 2H), 7.39–7.20 (m, 7H), 7.13–7.03 (m, 1H), 6.74 (td, J = 2.6, 1.5 Hz, 1H, 
H-5”), 6.56 (td, J = 2.6, 1.4 Hz, 1H, H-5’), 6.15 (dd, J = 5.8, 2.8 Hz, 1H, H-3”), 6.11 (ddd, J 
= 3.7, 2.5, 1.4 Hz, 1H H-4’), 6.08 (dd, J = 6.1, 2.7 Hz, 1H, H-3’), 6.05–5.99 (m, 1H, H-4”), 
3.86 (d, J = 11.2 Hz, 1H, CH2Ph), 3.81–3.63 (m, 4H, CH2Ph, H-5, H-6), 3.56–6.50 (m, 2H, 
H-3, H-4), 2.97 (t, J = 13.5 Hz, 1H, H-2), 2.55 (dd, 13.5, 2.9 Hz, 1H, H-2), 1.40–0.91 (m, 
21H, TIPS); 13C RMN (75 MHz, CDCl3, 25 ºC): δ = 199.5 (x6), 138.4, 137.8, 137.2, 129.9, 
129.7 (x2), 128.8 (x2), 128.7, 128.5 (x2), 128.0, 127.9, 127.7, 117.8, 116.5, 108.9, 108.0, 
106.9, 106.3, 105.5 92.0, 81.2, 77.4 (x2), 73.2, 65.2, 38.4, 34.7, 18.1 (x6), 12.0 (x3). 
HRMS (ESI+): m/z calcd for C43H49Co2O9NSi+H+: 870.1913; found 870.1940 [M + H]+. 
Compound 35a. This compound was prepared from dicobalt hexacarbonyl complex 
31a (47 mg, 0.06 mmol) and pyrrole (8 mg, 0.12 mmol) according to the general 
procedure. The crude product was purified by silica gel chromatography (Hexane/Ethyl 
acetate 95:5) to give compound 35a (37 mg, 74%) as a brownish oil: 1H RMN (300 MHz, 
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CDCl3, 25 ºC): δ = 8.80 (s, 1H, NH), 7.73–7.49 (m, 2H), 7.47–7.12 (m, 8H), 6.55 (td, J = 
2.6, 1.4 Hz, 1H, H-5’), 6.12 (ddd, J = 3.8, 2.5, 1.4 Hz, 1H, H-4’), 6.06 (dt, J = 3.5, 2.6 Hz, 
1H, H-3’), 5.93–5.67 (m, 1H, H-2”), 5.26–4.91 (m, 2H, H-3”), 4.52 (d, J = 11.5 Hz, 1H, 
CH2Ph), 4.41 (d, J = 11.6 Hz, 1H, CH2Ph), 4.00–3.85 (m, 1H, H-5), 3.85–3.70 (m, 2H, H-6), 
3.55 (dd, J = 7.1, 4.1 Hz, 2H, H-4), 2.70 (dd, J = 14.9, 9.4 Hz, 1H, H-2), 2.61–2.19 (m, 3H, 
H-2, H-3, H-1”), 2.11 (dd, J = 13.7, 6.9 Hz, 1H, H-1”), 1.39–0.74 (m, 21H, TIPS); 13C RMN 
(75 MHz, CDCl3, 25 ºC): δ = 199.5 (x6), 138.6, 138.5, 137.3, 136.0, 129.8 (x2), 128.8 
(x2), 128.6, 128.4 (x2), 127.7, 127.6 (x2), 116.6, 116.5, 108.6, 107.1, 106.8, 92.0, 76.9, 
76.0 (x2), 72.0, 65.3, 37.4, 35.5, 32.0, 18.2 (x6), 12.0 (x3). HRMS (ESI+): m/z calcd for 
C44H58Co2O9NSi+H+: 895.1866; found 895.1891 [M + H]+. 
Compound 35b. This compound was prepared from dicobalt hexacarbonyl complex 
31b (79 mg, 0.09 mmol) and pyrrole (12 mg, 0.18 mmol) according to the general 
procedure. The crude product was purified by silica gel chromatography (Hexane/Ethyl 
acetate 99:1) to give compound 31f (29 mg, 34%) as a brownish oil: 1H RMN (300 MHz, 
CDCl3, 25 ºC): δ = 9.09 (s, 1H, H-N1’), 7.73–7.51 (m, 2H), 7.51–7.05 (m, 10H), 6.92 (s, 
1H, H-2”), 6.80 (dd, J = 6.7, 2.9 Hz, 2H), 6.55 (td, J = 2.6, 1.4 Hz, 1H, H-5’), 6.11 (ddd, J = 
3.8, 2.4, 1.4 Hz, 1H, H-3’), 6.07 (dt, J = 3.5, 2.6 Hz, 1H, H-4’), 3.97 – 3.49 (m, 10H, H-3, 
H-4, H-5, H-6, CH2Ph, NMe), 3.20 (t, J = 13.5 Hz, 1H, H-2), 2.61 (dd, J = 12.9, 3.9 Hz, 1H, 
H-2), 1.33 – 0.72 (m, 21H, TIPS); 13C RMN (101 MHz, CDCl3, 25 ºC): δ = 199.0 (x6), 
138.6, 138.1, 137.5, 136.8, 129.8 (x2), 128.8 (x2), 128.4 (x2), 128.2 (x2), 127.9, 127.6, 
127.6, 127.5, 121.6, 119.0, 119.0, 116.0, 112.7, 109.4, 108.8, 106.0, 105.7, 92.1 77.9, 
77.8, 76.4, 73.4, 65.3, 37.8, 33.0, 32.9, 18.2 (x6), 12.0 (x3). HRMS (ESI+): m/z calcd for 
C49H52Co2N2O9Si+H+: 959.2179; found 959.2172 [M + H]+. 
Compound 35c. This compound was prepared from dicobalt hexacarbonyl complex 31c 
(48 mg, 0.06 mmol) and pyrrole (8 mg, 0.12 mmol) according to the general procedure. 
The crude product was purified by silica gel chromatography (Hexane/Ethyl acetate 
99:1) to give compound 35c (6 mg, 11%) as a brownish oil: 1H RMN (300 MHz, CDCl3, 
25 ºC): δ = 8.98 (s, 1H, H-N1’), 7.98 (s, J = 1.4 Hz, 1H, HN1”), 7.61–7.49 (m, 2H), 7.37–
6.96 (m, 11H), 6.78–6.70 (m, 2H), 6.46 (td, J = 2.6, 1.4 Hz, 1H, H-5’), 6.04–6.00 (m, 1H, 
H-4’), 5.98 (dd, J = 5.9, 2.9 Hz, 1H, H-3’), 3.80 (ddd, J = 13.3, 5.0, 3.1 Hz, 1H, H-5), 3.74–
3.65 (m, 2H, H-6), 3.62–3.53 (m, 3H, H-3, H-4, CH2Ph), 3.46 (d, J = 11.5 Hz, 1H, CH2Ph), 
3.16 (t, J = 13.4 Hz, 1H, H-2), 2.55 (ddd, J = 13.5, 3.3, 1.2 Hz, 1H, H-2), 1.54–0.61 (m, 
21H, TIPS); 13C RMN (126 MHz, CDCl3, 25 ºC): δ = 199.0 (x6), 138.6, 138.1, 137.4, 136.1, 
129.8 (x2), 128.8 (x2), 128.4 (x2), 128.2 (x2), 127.6, 127.5, 127.5, 122.6, 122.2, 119.6, 
119.0, 116.1, 114.5, 111.3, 108.8, 106.0, 105.7, 92.2 78.0, 77.9, 76.4, 73.3, 65.3, 37.6, 
33.2, 18.2 (x6), 12.0 (x3). HRMS (ESI+): m/z calcd for C48H50Co2N2O9Si+H+: 945.2022; 
found 945.1942 [M + H]+. 
Compound 35d. This compound was prepared from dicobalt hexacarbonyl complex 
31e (35 mg, 0.04 mmol) and pyrrole (5 mg, 0.08 mmol) according to the general 
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procedure. The crude product was purified by silica gel chromatography (hexane/Ethyl 
acetate 99:1) to give compound 35d (13 mg, 36%) as a brownish oil: 1H RMN (300 MHz, 
CDCl3, 25 ºC): δ = 9.06 (s, 1H, NH), 7.82–7.55 (m, 2H), 7.55–7.08 (m, 7H), 7.08–6.95 (m, 
1H), 6.70–6.45 (m, 2H, H-5’, H-5”), 6.27–6.00 (m, 4H, H-3’, H-4’, H-3”, H-4”), 3.88–3.35 
(m, 10H, CH2Ph, H-3, H-4, H-5, H-6, NMe), 3.13 (t, J = 13.5 Hz, 1H, H-2), 2.60 (dd, J = 
13.2, 3.1 Hz, 1H, H-2), 1.36–0.79 (m, 21H, TIPS); 13C RMN (75 MHz, CDCl3, 25 ºC): δ = 
199.6 (x6), 138.7, 138.3, 137.5, 130.5, 130.0 (x2), 129.1 (x2), 128.8 (x2), 128.6 (x2), 
128.1, 127.9, 121.6, 116.4, 109.2, 108.8, 108.0, 106.4, 105.4, 92.7, 81.5, 78.4, 75.8, 
73.1, 65.6, 37.2, 33.8, 33.6, 18.4 (x6), 12.3 (x3). HRMS (ESI+): m/z calcd for 
C45H50Co2O9NSi+H+: 909.2022; found 909.2035 [M + H]+. 
Compound 35e. This compound was prepared from dicobalt hexacarbonyl complex 31f 
(31 mg, 0.04 mmol) and pyrrole (5 mg, 0.08 mmol) according to the general procedure. 
The crude product was purified by silica gel chromatography (Hexane/Ethyl acetate 
99:1) to give compound 35e (23 mg, 69%) as a brownish oil: 1H RMN (300 MHz, CDCl3, 
25 ºC): δ = 8.91 (s, 1H, NH), 7.65–7.57 (m, 2H), 7.42–7.38 (m, 1H, H-5”), 7.38–7.21 (m, 
6H), 7.12–7.04 (m, 2H), 6.51 (td, J = 2.6, 1.4 Hz, 1H, H-4”), 6.35 (dd, J = 3.3, 1.8 Hz, 1H, 
H-5’), 6.17 (d, J = 3.3, 1H, H-3’), 6.08 (ddd, J = 3.7, 2.5, 1.4 Hz, 1H, H-3”), 6.06–5.99 (m, 
1H, H-4’), 3.95 (d, J = 11.5 Hz, 1H, CH2Ph), 3.85–3.63 (m, 5H, CH2Ph, H-4, H-5, H-6), 3.58 
(dt, J = 12.3, 3.9 Hz, 1H, H-3), 3.09 (dd, J = 13.7, 12.3 Hz, 1H, H-2), 2.59 (dd, J = 13.4, 3.1 
Hz, 1H, H-2), 1.46–0.88 (m, 21H, TIPS); 13C RMN (101 MHz, CDCl3, 25 ºC): δ = 199.3 (x6), 
153.7, 141.0, 138.4, 138.1, 136.5, 129.7 (x2), 128.8 (x2), 128.4 (x2), 128.3 (x2), 127.8, 
127.6, 116.4, 110.8, 108.8, 107.2, 106.4, 105.8, 105.2, 92.1, 77.4, 75.8, 72.6, 65.0, 35.6, 
29.9, 18.1 (x6), 12.0 (x3). HRMS (ESI+): m/z calcd for C44H47Co2NO10Si+H+: 896.1706; 
found 896.1705 [M + H]+. 
General Procedure for the synthesis of branched-tetrahydrofuran derivative 30. A 
solution of the cobalt complex 15 (75 mg, 0.11 mmol) in dry CH2Cl2 (5 mL) under an 
argon atmosphere and in the presence of 4Å molecular sieves was cooled to -20 ºC, 
and treated with BF3.OEt2 (18 mg, 0.13 mmol). The mixture was kept at that 
temperature for 45 min, and then quenched with saturated aqueous NaHCO3. The 
cooling bath was removed and the layers were separated. The aqueous layer was 
extracted with CH2Cl2. The combined organic layers were washed with brine, dried 
over Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by 
silica gel chromatography (silica gel, Hexanes/Ethyl acetate 95:5 to 8:2) to give 
compounds 36 and 37 (13 mg. 16%, and 8 mg, 10 % respectively) followed by 
compound 38 (48 mg, 70 %). 
Compound 36. 1H NMR (300 MHz, CDCl3, 25 ºC): δ = 7.67–7.54 (m, 2H), 7.44–7.20 (m, 
13H), 4.87–4.67 (m, 3H, H-5, CH2Ph), 4.49 (d, J = 2.8 Hz, 2H, CH2Ph), 3.95 (td, J = 8.4, 
4.1 Hz, 1H, H-3), 3.80 (dd, J = 7.7, 5.5 Hz, 1H, H-6), 3.71 (d, J = 7.6 Hz, 1H, H-6), 3.64 (t, J 
= 3.4 Hz, 1H, H-4), 2.32 (d, J = 8.4 Hz, 2H, H-2); 13C RMN (75 MHz, CDCl3, 25 ºC): δ = 
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199.2 (x6), 138.7, 138.2, 137.6, 130.2 (x2), 128.9 (x2),128.6, 128.6 (x2), 128.5 (x2), 
128.0, 127.9 (x2), 127.8 (x2), 127.7, 109.0, 93.0,89.9, 75.6, 73.2, 72.4, 71.6, 70.8, 66.6, 
41.0. HMRS: m/z calcd for C34H26Co2O10+H+: 713.0268; found 713.0277 [M + H]+. 
Compound 37. 1H NMR (300 MHz, CDCl3, 25 ºC): δ = 7.81–7.50 (m, 2H), 7.46–7.04 (m, 
13H), 4.74 (d, J = 5.7 Hz, 1H, H-5), 4.57 (d, J = 2.0 Hz, 2H, CH2Ph), 4.52 (d, J = 12.1 Hz, 
1H, CH2Ph), 4.41 (d, J = 12.2 Hz, 1H, CH2Ph), 4.25 (d, J = 7.0 Hz, 1H, H-6), 3.87 (dd, J = 
7.0, 5.8 Hz, 1H, H-6), 3.73 (dq, J = 5.6, 1.9 Hz, 1H, H-3), 3.46 (bs, 1H, H-4), 2.26 (dd, J = 
14.4, 5.4 Hz, 1H, H-2), 2.18 (dd, J = 14.5, 2.1 Hz, 1H, H-2); 13C RMN (75 MHz, CDCl3, 25 
ºC): δ = 199.3 (x6), 138.4, 138.3, 137.8, 130.2 (x2), 128.9 (x2), 128.9, 128.6 (x2), 128.6 
(x2), 128.0, 127.9, 127.8, 127.7 (x3), 107.7, 94.1, 89.9, 76.4, 75.8, 74.3, 71.3, 71.0, 66.4, 
38.1. HMRS: m/z calcd for C34H26Co2O10+H+: 713.0268; found 713.0253 [M + H]+. 
Compound 38: 1H NMR (300 MHz, CDCl3, 25 ºC): δ = 7.62–7.42 (m, 2H), 7.37–7.07 (m, 
8H), 4.54 (s, 2H, CH2Ph), 4.44 (q, J = 6.3 Hz, 1H, H-4), 4.28–4.08 (m, 2H, H-2, H-3), 3.78 
(dd, J = 10.1, 2.3 Hz, 1H, H-5), 3.65 (dd, J = 10.0, 4.1 Hz, 1H, H-5), 3.20 (d, J = 6.5 Hz, 2H, 
H-1’), 2.70 (d, J = 5.4 Hz, 1H, OH); 13C RMN (75 MHz, CDCl3, 25 ºC): δ = 202.4, 198.6 
(x6), 137.4, 137.0, 130.0 (x2), 129.5 (x2), 129.1 (x3), 128.7, 128.4 (x2), 92.9, 87.2, 79.7, 
76.6, 74.6, 73.3, 71.2, 44.6. HMRS: m/z calcd for C34H26Co2O10+H+: 622.9798; found 
622.9803 [M + H]+. 
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3. Copies of 1H and 13C NMR spectra. 
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3.1 Introducción 
En el siguiente capítulo se detallan los resultados de las transformaciones de C-3-
dicobaltohexacarbonil-alquinil glicales 6. Estos compuestos fueron preparados en la 
hipótesis de que serían buenos precursores para los cationes de Ferrier-Nicholas 7
(cationes Ferrier-Nicholas C-3 sustituidos) a fin de comparar el comportamiento de 
cationes de Ferrier-Nicholas con el sustituyente alquinilo en C-3 con el de cationes de 
Ferrier-Nicholas con el sustituyente alquinilo en C-1, e.g. 4 (Esquema 3.1). Se describe 
también en este estudio, la preparación de los derivados 2 y 3 a partir de tri-O-acetil-D-
glucal y el estudio de la reactividad de los glicales 6 en medio ácido y en presencia de 
nucleófilos (Esquema 3.1). Estos estudios en cationes Ferrier-Nicholas con el 
sustituyente dicobaltohexacarbonil-alquinilo en C-3, pretendían complementar las 
investigaciones llevadas a cabo sobre los cationes Ferrier-Nicholas “isoméricos” 4
(cationes Ferrier-Nicholas C-1 sustituidos). 
En comparación con los derivados tipo 3 previamente estudiados, los glicales 6, 
tienen en común que el grupo saliente para la generación de la especie catiónica se 
encuentra en posición C-3, si bien en el caso de 6 el grupo saliente sería un hidroxilo 
propargílico terciario. 
Los estudios para la generación de los cationes tipo 7, se llevaron a cabo a partir de 
una mezcla epimérica (C-3) de alquinos 5, y dicobaltohexacarbonil alquinil derivados 6, 
dado que ambos isómeros generarían un único intermedio catiónico, i.e. 7.  
Esquema 3.1. Cationes de Ferrier-Nicholas 4 y 7: a) derivado de C-1-alquinil 
hexacarbonildicobalto 3, b) derivado de C-3-alquinil hexacarbonildicobalto 6,
respectivamente. 
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Ferrier–Nicholas Cations from C-3-Alkynylglycals: Access to C-3-
Branched Allylic Glycosides and Ring-Opening Derivatives. 
Silvia Miranda, Fernando Lobo, Ana M. Gomez* and J. Cristobal Lopez* 
Abstract: 
Hexacarbonyldicobalt–C-3-alkynyl-substituted glycal derivatives, when treated 
with BF3.OEt2 give rise to Nicholas-stabilized Ferrier cation intermediates (Ferrier–
Nicholas cations) that react with alcohols or C-nucleophiles to give C-3-branched 2,3-
unsaturated glycosides or C-glycosides, respectively. α-C-glycosides were the sole 
compounds obtained when allyltrimethylsilane was used as the nucleophile. On the 
contrary, the reaction of C-3-alkynylglycals with heteroaryl or alcohol nucleophiles led 
to anomeric mixtures in which the -anomers prevailed. The presence of the 
hexacarbonyldicobalt–C-3-alkynyl substituent seems to be of key importance in the 
stereoselectivity of these transformations, since the reaction of C-3-alkynyl-glycals – 
devoid of the hexacarbonyldicobalt moiety – showed a preferred α-stereoselectivity. 
Furthermore, a bis(indolyl) linear compound was obtained from the reaction of a 
hexacarbonyl-dicobalt–C-3-alkynylglycal with 2 equiv. of indole. 
Introduction 
Hex-2-enopyranoses or pseudoglycals (e.g., 3) have been used extensively in 
carbohydrate chemistry, and – arguably – they represent one of the most appealing 
classes of carbohydrate derivatives used in synthesis.[1,2] They have been used in the 
preparation of a variety of natural products,[3] including antibiotics,[4] nucleosides,[5] 
glycopeptides,[6] and modified carbohydrates.[7] Furthermore, the olefin moiety in 2,3-
unsaturated glycosides can be readily functionalized[8] to give access to 2-deoxy, 2,3-
dideoxy, and other highly deoxygenated oligosaccharides. Additionally, the discovery 
of 2ʹ,3ʹ-unsaturated hexopyranosyl nucleosides with antibiotic activity, i.e., blasticidin 
S,[9] and mildiomycin,[10] both found in nature, has contributed to the interest in the 
preparation of unsaturated pyranosyl nucleoside analogues. 
Among the different approaches for the preparation of 2,3-unsaturated O- and S-
glycosides and their N- and C-glycosyl analogues, the Lewis acid catalysed Ferrier 
rearrangement of pyranosidic glycals (1,5-anhydrohex-1-enitols; e.g., 1 → 3; Scheme 
1a) continues to be the method of choice.[11] Typically, this reaction is carried out with 
glycal derivatives having a good leaving group (e.g., acetate, carbonate, or 
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trichloroacetimidate) at C-3. The proposed reaction pathway involves an initial 
coordination of the C-3-acyloxy group with the Lewis acid, followed by its departure to 
give a highly resonance-stabilized oxocarbenium ion 2. The latter behaves as a hard 
acid at the C-1 site, and so the nucleophile attacks the anomeric (C-1) carbon atom. 
In addition, transition metals such as Pd[12] and Au[13] have also been shown to 
catalyse Ferrier-type glycosylations of appropriately C-3-functionalized glycal 
derivatives. The stereoselectivity of the process is generally pronounced, and α-
isomers are always obtained as the major products. Two exceptions to this, however, 
are the Pd-catalysed Ferrier-type O-glycosylation reactions of tert-butyloxycarbonyl 
and allyloxycarbonyl glycals recently reported by Lee[12a] and Liu,[12d] respectively, 
which, unlike traditional acid-mediated processes, both give rise to -O-glycosides.[14]
Scheme 1. (a) Ferrier rearrangement, (b) Nicholas reaction, and the cationic 
intermediates, 2 and 5, respectively, involved in these transformations. 
On the other hand, the Nicholas reaction, a transformation based on the 
considerable stability of propargylcobalt cations (e.g., 5; Scheme 1b) is a useful, well-
established method for the preparation of propargylic derivatives (e.g., 6; Scheme 
1b).[15] The Nicholas reaction involves the attack of a nucleophile onto a Co2(CO)6-
stabilized propargylic cation 5, which is generated by either protic or Lewis acid 
treatment of the corresponding Co2(CO)6-complexed propargyl alcohol or a derivative 
(i.e., 4). 
The application of the Nicholas reaction to sugar acetylenes was pioneered by the 
extensive work of Isobe's group,[16] and this contributed to the development of this 
chemistry. Some other research groups have also reported on the application of these 
transformations to carbohydrate substrates.[17]
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As part of our recent studies on the synthetic transformations of 
polyfunctionalized carbohydrates,[18] we have shown that the stabilization of allylic 
anomeric oxycarbenium ions by an adjacent Nicholas-type hexacarbonyldicobalt–































R2 = CH2Ar R2 = OTIPS
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Scheme 2. Ferrier–Nicholas C-1 cation 8, and Ferrier–Nicholas C-3 cation 10. TIPS = 
triisopropylsilyl. 
These findings encouraged us to study the behaviour of new 
hexacarbonyldicobalt–C-3-alkynylglycals (i.e., 9; Scheme 2b), where the stabilizing 
Co2(CO)6-complexed propargyl group is located at C-3 rather than at C-1 (compare 7
and 9; Scheme 2). In this context, based on ample literature precedent,[16,17] we 
anticipated that alkynylglycals 9 would show higher reactivity than the parent 3-
alkynyl-3-hydroxyglycals (e.g., 14; Scheme 3) under chemical glycosylation 
conditions.[22] In this paper, we report on the reactivity and stereoselectivity of the 
Lewis acid mediated Ferrier-type glycosylation of hexacarbonyldicobalt–C-3-
alkynylglycals towards O- and C-nucleophiles, and a comparison with the parent 
“decobaltated” C-3-alkyne derivatives. The overall process allows access to C-3-
branched allylic O- and C-heteroaryl glycosides, usually with enhanced anomeric -
stereoselectivity. 
162 
Scheme 3. Synthetic route to Co2(CO)6-complexed propargylglycals 15. 
Results and Discussion 
Synthesis of the Starting Alkynylglycal 
The synthesis of the starting propargyl derivatives 15, starting from commercially 
available 3,4,6-tri-O-acetyl-D-glucal (11), is outlined in Scheme 3.[23] Thus, protecting-
group exchange on 11 led to 3,4,6-tri-O-benzyl-D-glucal (12),[24] which was selectively 
converted into hexenulose 13[25] by Kirschning's hypervalent-iodine oxidation.[26] 
Addition of lithium phenylacetylide to 13 led to a mixture of carbinols 14 (2.5:1 
diastereomeric mixture), which, as such, was treated with Co2(CO)8 in CH2Cl2 to give 
diastereomeric Co2(CO)6-complexed propargylglycals 15. 
Reaction with Oxygen Nucleophiles 
For the initial glycosylation studies of alcohols with glycals 15, we chose methanol. 
The glycosylation reactions were carried out with BF3.OEt2 (0.12 or 1.2 equiv.) in CH2Cl2
at –20 °C, and our results are shown in Table 1. In all cases, the glycosylation took 
place smoothly to give inseparable mixtures of α- and -glycosides 16a. 
Capítulo 3: Eur. J. Org. Chem. 2017, 2501–2511. 
163 









1 0.12 20 1.1:1 17 
2 0.12 40 1:1.7 33 
3 0.12 60 1:2 50 
4 0.12 90 1:2.5 77 
5 0.12 120 1:3 86 
6 0.12 120 1:3 86[c]
7 1.2 60 1:3 87 
[a] Anomeric ratio determinate by 1H NMR spectroscopic analysis of 16a
mixture; a similar ratio was maintained for the 16b mixture obtained by 
decobaltation of 16a. [b] Isolated yield. [c] This reaction was carried out 
at room temperature. 
It is apparent from the results shown in Table 1 that this glycosylation seems to 
operate under thermodynamic control. When the reaction was carried out at –20 °C, 
shorter reaction times resulted in lower conversions, and higher amounts of the α-
anomers were observed (Table 1, compare Entries 1–5). Also, the same α/ ratio (1:3) 
of glycosides 16a was observed after a reaction time of 2 h either at –20 °C, at room 
temperature (0.12 mol-%, BF3.OEt2), or in the presence of 1.2 mol-% of BF3.OEt2 (Table 
1, Entries 5, 6, and 7, respectively).  
The anomeric ratio of the “cobaltated” methyl glycosides 16a could be measured 
by 1H NMR spectroscopy (Table 1, Entries 1–6).[27] These mixtures of glycosides proved 
to be relatively stable in the absence of solvent, and could be kept at room 
temperature for up to a week without noticeable decomposition. However, when in 
solution (CH2Cl2, CHCl3) these anomeric mixtures tended to decompose rapidly (24 h). 
The anomeric ratio of these mixtures of glycosides was not affected by decobaltation 
[tetra-n-butylammonium fluoride (TBAF)/THF] and was maintained in the 
corresponding mixtures of 16b. 
Similarly, glycal 15 underwent glycosylation reactions with benzyl alcohol, n-
pentenol, and 1,2:3,4-di-O-isopropylidene-D-galactopyranose, in the presence of 
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BF3.OEt2 (1.2 equiv.) in CH2Cl2 at –20 °C, to give glycosides 17a, 18a, and 19a, 
respectively, in moderate yields and with α/ ratios of 1:3 in all cases (Figure 1). 
Figure 1. Glycosides obtained by reaction of various alcohols with glycal 15. 
The fact that -anomers, rather than the “normally” expected α-anomers, were 
obtained as major isomers in these glycosylations (Table 1, Entries 5–7, and Figure 1) 
led us to investigate whether this behaviour could be ascribed to the presence of the 
hexacarbonyldicobalt–C-3-alkynyl branch. Thus, decobaltated C-3-alkynyl derivative 14
was subjected to the glycosylation reaction with MeOH. This gave 2,3-unsaturated 
methyl glycosides 16b (60 % yield) as an α/ = 6:1 anomeric mixture (Scheme 4). 
Subsequent cobaltation [Co2(CO)8, CH2Cl2] of 16b, followed by treatment with BF3.OEt2, 
then restored an α/ = 1:3 anomeric mixture of methyl glycosides 16a (Scheme 4). 
Scheme 4. Inversion of the α/ ratio in methyl glycosides 16b and 16a. The latter was 
prepared by cobaltation followed by BF3.OEt2 -mediated equilibration of the former 
(16b). 
Based on these results, we can conclude that the presence of the cobalt–alkynyl 
complex at C-3 is responsible for the reversal in the anomeric stereoselectivity (-
anomer preferred) observed in the glycosylation reactions with Nicholas-type glycal 
15, when compared to glycosylations with glycal 14. 
A preliminary assignment of the configuration at the anomeric centre in glycosides 
16a–19a was initially carried out on the basis of the J4-H,5-H coupling constants of the 
corresponding decobaltated (TBAF/THF or I2/THF) derivatives 16b–19b, since 2,3-
Capítulo 3: Eur. J. Org. Chem. 2017, 2501–2511. 
165 
unsaturated O-glycosides have been shown to have well-differentiated coupling 
constants for the α- (J4-H,5-H ≈ 9 Hz) and -anomers (J4-H,5-H ≈ 2 Hz).[28] However, the 
unambiguous assignment of the anomeric configuration of glycosides 16 was carried 
out by analysis of methyl glycoside 20, which was obtained by hydrogenation of a 6:1 
mixture of glycosides 16b (obtained as outlined in Scheme 4) followed by acetylation. 
This reaction sequence led to the formation of an inseparable mixture of isomers, in 
which α-20 (Scheme 5; δ = 4.74 ppm, J1,2ax ≈ J1,2eq = 4.6 Hz, 1-H) was assigned as the 
dominant isomer. Furthermore, a through-space interaction between the anomeric 
methoxy group and 5-H was observed in the NOESY spectrum of compound 20. This 
allowed α-20 to be correlated with the major isomer formed in the transformation 14 
→ 16b (Scheme 4); by corollary, the anomeric -orientation was assigned to the major 
isomers obtained in the glycosylations of MeOH with 15 (Table 1). 
Scheme 5. Synthesis of methyl α-glycoside 20 from a 6:1 mixture of allylic glycosides 
16b. 
The anomeric orientation in compounds 17b, 18b, and 19b was then inferred by 
analogy with 16b, both in the observed reaction pattern (where longer reaction times 
favoured the formation of the -anomers), and in the analysis of the 1H NMR spectra 
of 16b compared to those of 17b, 18b, and 19b (Table 2). Thus, in the in 1H NMR 
spectrum of compound -16b, the 1-H signal appeared as a doublet of doublets (dd) 
with coupling constants J1,2 = 2.2 Hz and J1,4 = 1.1 Hz (Table 2, Entry 1); in the 1H NMR 
spectrum of compound α-16b, the 1-H signal appeared as a broad doublet (br. d) with 
a coupling constant J1,2 = 3.1 Hz (Table 2, Entry 5). Similar multiplicities and coupling 
constants were observed for the 1-H signal in compounds 17b–19b (compare Table 2, 
Entry 1 with Entries 2, 3, and 4; and Table 2 Entry 5 with Entries 6, 7, and 8).[29] 
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Table 2. 1H NMR spectroscopic data for the anomeric proton in compounds 16b–19b. 




1 -16b 5.11 dd 2.2 1.1 
2 -17b 5.29 dd 2.3 1.0 
3 -18b 5.18 dd 2.1 1.3 
4 -19b 5.28 dd 2.2 1.0 
5 α-16b 5.02 br. d 3.1 - 
6 α-17b 5.24 br. d 3.2 - 
7 α-18b 5.12 br. d 3.2 - 
8 α-19b 5.20 br. d 3.2 - 
Reaction with Carbon Nucleophiles 
Allyltrimethylsilane, usually the nucleophile of choice for probing Ferrier 
rearrangements leading to C-glycosylation, was chosen to test the reactivity of cobalt-
complexed alkynylglycal 15. Accordingly, treatment of 15 with allyltrimethylsilane in 
the presence of BF3.OEt2 (1.2 equiv., CH2Cl2, –20 °C, 1 h) followed by decobaltation by 
treatment with tetra-n-butylammonium fluoride (TBAF) in THF,[30] resulted in the 
exclusive isolation of α-C-glycoside 22b in 70 % yield (Scheme 6). A polar intermediate 
was observed (TLC) during the course of the reaction. For this we propose the 
hemiacetal structure 21, since its disappearance coincided with the formation of C-
glycoside 22a. 
Scheme 6. Glycosylation of allytrimethylsilane with glycal 15 leading to α-C-glycoside 
22a. Hemiacetal 21 represents a postulated reaction intermediate (see Supporting 
Information). 
The structural assignment and characterization of C-glycoside 22a was carried out 
on cobalt-free derivative 22b. The α-stereochemistry in 22b was preliminarily assigned 
on the basis of its observed J4-H,5-H coupling constant: J4-H,5-H = 6.2 Hz (carbohydrate 
numbering). This assignment was made based on the studies of Achmatowicz and 
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Bukowski,[31] and of Antonakis and co-workers,[32] which established coupling-constant 
values of J4-H,5-H = 8–10 Hz for structurally related 2,3-unsaturated -C-glycosides, and 
coupling-constant values of J4-H,5-H = 4.4–9.0 Hz for the corresponding α-C-glycosides. 
This assignment was confirmed on the basis of a through-space interaction between 5-
H and the CH2 protons attached to the anomeric substituent C-1ʹ, which were 
observed in the NOESY spectrum of C-glycoside 22b (Scheme 6). 
To test the role of the cobalt complex in the reactivity of alkynyl derivative 15, we 
carried out a related C-glycosylation with “decobaltated” alkynylglycal 14 (Scheme 7). 
Indeed, the presence of the Co2(CO)6-complexed propargyl group proved to be 
relevant, since the reaction of alkynylglycal 14 with allyltrimethylsilane led to C-
glycoside 22b in 12 % yield (Scheme 6). In this context, only a few successful examples 
of Ferrier glycosylation reactions of allyltrimethylsilane with non-acylated glycals have 
been reported, and these all involved the use of special catalysts (InBr3,[33] Bi(OTf)3,[34]
ZrCl4,[35] or HClO4.SiO2[36]). Alternatively, the incorporation of the 
hexacarbonyldicobalt–alkynyl branch at C-3 of the glycal results in an increased 
reactivity in Ferrier-type C-allylations, meaning that BF3.Et2O can be used as catalyst. 
Scheme 7. Two routes to 3-alkynyl-2,3-unsaturated C-glycoside 22b. 
As a result of the interest in heterocyclic compounds in a variety of areas, we next 
turned our attention to the C-glycosylation of N-methylindole[37] and furan[38] with 
glycal 15, to gain access to heteroaromatic C-glycosyl derivatives. Accordingly, the 
glycosylation reactions of N-methylindole with Ferrier–Nicholas glycal 15 and, for the 
sake of comparison, with Ferrier glycal 14, were studied in the presence of BF3.OEt2
(0.12 equiv.) at –20 °C in CH2Cl2. Our results in terms of yields and stereoselectivities 
are shown in Table 3. 
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Table 3. Reaction of glycals 15 and 14 with N-methylindole to give glycosyl indoles 23b. 






1 15 10 23b (3:1) 43[b]
2 15 40 23b (1:1) 73[b]
3 15 60 23b (1:2) 69[b]
4 14 20 23b (2:1) 4 
5 14 60 23b (1.5:1) 12 
[a] Ratio determined after isolation of the individual isomers by 
chromatography. [b] Yield over two steps. 
It soon became evident that “Nicholas” activation was critical for obtaining 
synthetically useful yields of heteroaryl C-glycosides 23 (compare 69 vs. 12% yield; 
Table 3, Entries 3 and 5). On the other hand, the α/ anomeric ratios of the resulting 
separable C-indolyl derivatives 23b varied from 3:1 (10 min), to 1:1 (40 min), and to 1:2 
(60 min) (Table 3, Entries 1, 2, and 3). These results were consistent with the tendency 
previously observed in the glycosylation of methanol with glycal 15 (Table 1), where 
longer reaction times favoured the formation of -glycosides over α-glycosides (see 
Table 1, Entries 1–5). Similarly, a related glycosylation of furan with glycal 15 at –20 °C 
in CH2Cl2 led to a mixture of C-glycosides 24b as a 3:1 α/ (inseparable) anomeric 
mixture within 20 min (Table 4, Entry 1). Increasing the reaction time (60 min) led to a 
change in the anomeric ratio in favour of the -anomer (1:1; Table 4, Entry 2). 
The configuration of the anomeric centre in compounds 23a (α, ) was assigned 
using the relationship between α-23b and -23b, based on an observed NOE between 
5-H and 1-H in the latter compound (Figure 2). This assignment was in agreement with 
previous studies by Sinou, Daves and co-workers on related anomeric C-glycosyl 
pairs.[39] According to them, in the 13C NMR spectra of these glycosyl pairs, the 
chemical shift for C-5 in the α-anomer is expected to be 2–7 ppm upfield of the 
corresponding resonance for the -anomer, owing to a γ-gauche effect.[40] In our case, 
the chemical shift for C-5 in compound -23b was observed at δ = 78.1 ppm, whereas 
the C-5 signal for the isomeric α-23b compound appeared at δ = 74.3 ppm (Figure 2). 
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Table 4. Reaction of glycals 15 with furan to give C-glycosides 24b. 
Entry Reaction time 
[min] 
α/ ratio of 24b[a] Yield of 24b (2 steps)
[%] 
1 20 3:1 56 
2 60 1:1 60 
[a] Ratio determined by 1H NMR spectroscopy. 
Figure 2. α- and -C-glycosides 23b and 24b, along with some of their relevant 1H and 
13C NMR spectroscopic data. The arrows in -23b indicate a through-space interaction 
observed in an NOE experiment. 
Thus, we postulated an α-anomeric orientation (α-24b) for the major isomer 
formed in the C-glycosylation of furan with glycal 15 after a reaction time of 20 min 
(Table 4, Entry 1). The chemical shifts observed for C-5 in decobaltated compounds α-
24b and -24b also supported this assignment (Figure 2; α-24b: δC-5 < 74.1 ppm; -24b: 
δC-5 = 77.8 ppm). 
On the other hand, no relevant differences were observed in the J4-H,5-H coupling 
constants of their decobaltated (TBAF/THF) derivatives 23b (α, ) and 24b (α, ) 
(Figure 2).  
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The results in Tables 3 and 4 seem to indicate the existence of an equilibrium in 
favour of the thermodynamically more stable -anomers in doubly activated C-
heteroaryl derivatives 23a and 24a. The overall transformation could be rationalized by 
the intermediacy of an open-chain allylic cation intermediate 25 (Scheme 8).[1b,41–43]
Scheme 8. Proposed “α/” equilibration in C-heteroarylglycosides via an open-chain 
allylic Nicholas cation intermediate 25. 
The nature of the C-3 substituent has (again) some influence on the 
stereochemical preference in the formation of C-indolyl derivatives 23. Thus, although 
hexacarbonyldicobalt–C-3-alkynyl derivative 15 led selectively to the C-indolyl -
anomer (Table 3, Entry 3), the α-anomer was the preferred isomer (α/ = 1.25:1) after 
equilibration of “decobaltated” α-23b or -23b in CDCl3 (Scheme 9). 
Scheme 9. CDCl3-mediated equilibration of C-indolyl derivatives α-23b and -23b. 
Conversely, no (α/) equilibration was observed for C-allylglycoside 22a when it 
was submitted to prolonged reaction times in the presence of BF3.OEt2. This shows 
that additional stabilization of the Nicholas allylic cation by the heteroaryl substituent 
is likely to be required in the formation of the open-chain cation. 
Finally, the relevance of the C-3 “Nicholas appendage” to the activation of these 
allylic systems was demonstrated with the formation of open-chain bis(indolyl) 
derivative 26, through the reaction of glycal 15 with 2 equiv. of indole in the presence 
of BF3.OEt2 (1.2 equiv.) (Scheme 10). Thus, reaction of 15 with indole (2.0 equiv.) in 
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CH2Cl2 mediated by BF3.OEt2 at –78 ºC yielded exclusively open-chain bis(indolyl) 
derivative 26a in 78% yield, as a >15:1 mixture. 
Scheme 10. Formation of open-chain bis(indole) derivative 26b from glycal 15. 
The formation of 26a can be easily rationalized as being due to the reaction of 
open-chain intermediate 25 (Scheme 8) with a second indole molecule. The alternative 
ring-closing reaction to give dihydropyran derivative 23a was observed when limited 
amounts of indole were used. The trapping of open-chain forms of carbohydrate-
derived Nicholas-type cations by an external nucleophile has been previously observed 
by Tanaka and Isobe.[15g,44] In the course of the reaction, olefinic isomerization takes 
place, which is in agreement with previous observations by Tanaka and Isobe in related 
systems. According to their studies, formation of the (E) isomer was preferred.[45]
Conclusions 
Hexacarbonyldicobalt–C-3-alkynylglycals, readily obtained from C-3-alkynylglycals, 
are able to glycosylate alcohols and carbon nucleophiles such as allyltrimethylsilane, 
furan, and N-methylindole. In these reactions, O- and C-glycosides can be obtained in 
good yields. Compared to glycosylations with the parent C-3-alkynylglycal derivatives, 
the hexacarbonyldicobalt moiety confers a higher reactivity to the system. A difference 
in the stereoselectivity of the glycosylation reactions was also observed when 
comparing hexacarbonyldicobalt–C-3-alkynylglycals and C-3-alkynylglycals. The former 
showed a higher preference for -anomer formation in reactions with alcohols or 
heteroaryl nucleophiles when longer reaction times were used, probably due to 
anomeric equilibration under thermodynamic conditions. Conversely, no equilibration 
was observed in the glycosylation of allyltrimethylsilane, and C-allylglycosides were 
obtained as α-anomers exclusively. Finally, the presence of an open-chain 
intermediate in the equilibration of α- and -indolyl-C-glycosides was confirmed by the 
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obtention of a bis-(indolyl) open-chain derivative 26 when a second equivalent of 
indole was present in the reaction mixture. 
Experimental Section 
General Methods: All solvents and reagents were obtained commercially and used as 
received, unless otherwise stated. Residual water was removed from starting materials 
by repeated co-evaporation. Reactions were carried out at ambient temperature, 
unless otherwise stated. All moisture-sensitive reactions were carried out in dry flasks 
fitted with glass stoppers or rubber septa under a positive pressure of argon. Air- and 
moisture-sensitive liquids and solutions were transferred by syringe or stainless steel 
cannula. Anhydrous MgSO4 or Na2SO4 was used to dry organic solutions during 
workup, and evaporation of the solvents was carried out under reduced pressure using 
a rotary evaporator. Flash column chromatography was carried out using 230–400 
mesh silica gel. Thin-layer chromatography was carried out on Kieselgel 60 F254 
(Merck). Spots were observed first under UV irradiation (254 nm), then by charring 
with a solution of H2SO4 (20 % aq.; 200 mL) in AcOH (800 mL). 1H (300, 400, or 500 
MHz) and 13C (75, 100, or 125 MHz) NMR spectra were recorded in CDCl3. Chemical 
shifts are expressed in parts per million (δ scale) downfield from tetramethylsilane, 
and are referenced to residual proton signals from the NMR solvent (CHCl3: δ = 7.25 
ppm). Coupling constants (J) are given in Hz. Where indicated, NMR peak assignments 
were made by using COSY and HSQC experiments. 13C NMR spectra were proton-
decoupled. The numbering pattern used for the 1H NMR spectroscopic data listing is in 
accordance with carbohydrate numbering. Mass spectra were recorded by direct 
injection with an Agilent 6250 Accurate Mass QTOF LC–MS mass spectrometer 
equipped with an electrospray ion source in positive mode. 
1,5-Anhydro-4,6-di-O-benzyl-2-deoxy-3-(2-phenylethynyl)-D-arabino-hex-1-enitol 
and 1,5-Anhydro-4,6-di-O-benzyl-2-deoxy-3-(2-phenylethynyl)-D-ribo-hex-1-enitol 
(14): A flame-dried round-bottomed flask (25 mL) equipped with a stirrer bar and an
argon inlet was loaded with a solution of phenylacetylene (560 mg, 5.4 mmol) in dry 
THF (5 mL). The mixture was cooled to –78 °C, and then n-butyllithium (3.2 mL, 5.1 
mmol) was added. After 30 min at –78 °C, a solution of the ketone 13[24] (1.1 g, 3.4 
mmol) in dry THF (10 mL) was added. The reaction mixture was kept at that
temperature for 2 h. The mixture was then diluted with diethyl ether and washed with 
water (10 mL), and the aqueous phase was reextracted with diethyl ether (3 × 15 mL). 
The organic layers were dried with Na2SO4, filtered, and concentrated in vacuo. The 
residue was purified by flash column chromatography (hexane/ethyl acetate, 95:5) to 
give 14 (0.85 g, 58%) as.-87 
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e mixture of stereoisomers. 1H NMR (300 MHz, CDCl3): δ = 7.47–7.27 (m, 15 H, 15 Ar), 
6.38 (d, J1,2 = 5.9 Hz, 1 H, 1-H), 4.96 (d, J = 11.8 Hz, 1 H, CH2Ph), 4.89 (d, J1,2 = 5.9 Hz, 1 
H, 2-H), 4.81 (d, J = 11.8 Hz, 1 H, CH2Ph), 4.66 (d, J = 12.0, 1 H, CH2Ph), 4.57 (dd, J = 
12.0, 1 H, CH2Ph), 4.25 (dt, J4,5 = 10.0, J5,6 = J5,6ʹ = 3.2 Hz, 1 H, 5-H), 3.94 (dd, J4,5 =
10.0, 1 H, 4-H), 3.90–3.79 (m, 2 H, 6-H), 2.33 (m, 1 H, OH) ppm. 13C NMR (75 MHz, 
CDCl3): δ = 143.6, 138.5, 137.9, 131.8 (2 C), 128.5 (3 C), 128.4 (2 C), 128.3 (2 C), 128.0 
(2 C), 127.9 (2 C), 127.8, 127.8, 127.0, 105.2, 89.0, 86.8, 78.3, 76.6, 74.3, 73.7, 69.7, 
68.7 ppm. HRMS (ESI+): calcd. for [C28H26O4 + Na]+ 449.1729; found 449.1731. C28H26O4
(426.51): calcd. C 74.82, H 5.83; found C 74.91, H 5.78. 
Preparation of Cobalt-Complexed Enyne 15: A solution of Co2(CO)8 (2.55 g, 7.2 mmol) 
in anhydrous CH2Cl2 (7 mL) was added to a solution of 14 (2.46 g, 6 mmol) in CH2Cl2 (20 
mL). The dark solution was stirred at room temperature until TLC showed complete 
formation of the complex (2 h). The solvent was then removed under vacuum, and the 
residue was purified by flash chromatography (hexane/ethyl acetate, 95:5) to give 
hexacarbonyldicobalt-complexed enyne 15 (3.63 g, 85%) as an inseparable mixture of 
diastereomers. 1H NMR (400 MHz, CDCl3): δ = 7.54 (m, 2 H, 2 Ar), 7.28 (m, 11 H, 11 Ar), 
7.12–7.03 (m, 2 H, 2 Ar), 6.39 (d, J1,2 = 6.0 Hz, 1 H, 1-H), 4.90 (d, J1,2 = 6.0 Hz, 1 H, 2-H), 
4.70 (m, 2 H, CH2Ph), 4.51 (m, 2 H, CH2Ph), 4.21 (m, 2 H, 4-H, 5-H), 3.70 (m, 2 H, 6-H), 
2.19 (s, 1 H, OH) ppm. 13C NMR (101 MHz, CDCl3): δ = 199.6 (6 C), 143.4, 138.6, 137.9, 
137.7, 129.6 (2 C), 128.8 (2 C), 128.7 (2 C), 128.6 (2 C), 128.5 (2 C), 128.2, 128.0 (2 C), 
127.9, 127.5, 108.1, 100.8, 94.4, 79.8, 76.1, 75.2, 74.9, 73.6, 68.4 (C-6) ppm. HRMS 
(ESI+): calcd. for [C34H26Co2O10 + Na]+ 735.0088; found 735.0091. 
General Procedure A. Reaction of Cobalt-Complexed Enyne 15 with Methanol: A 
cooled (–20 °C) solution of cobalt complex 15 (1 equiv.) and methanol (3 equiv.) in dry 
CH2Cl2 (10 mL/mmol) under argon and in the presence of molecular sieves (4 Å) was 
treated with BF3.OEt2 (0.12 equiv. or 1.2 equiv.), and stirred for the time indicated in 
Table 1. The reaction mixture was then quenched with saturated aqueous NaHCO3. 
The cooling bath was removed, and the layers were separated. The aqueous layer was 
extracted with CH2Cl2. The combined organic layers were washed with brine, dried 
with Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by 
silica gel chromatography. Decobaltation was carried out by treatment with a solution 
of tetrabutylammonium fluoride trihydrate (TBAF; 2 equiv.) in THF (10 mL/mmol; vide 
infra).
Complex 16a: A sample of this compound for characterization was prepared from 
enyne 15 (71 mg, 0.1 mmol) and dry methanol (12.1 μL, 0.3 mmol) in the presence of 
BF3.OEt2 (19 μL, 0.12 mmol). Silica gel chromatography (hexane/ethyl acetate, 95:5) 
gave 16a (63 mg, 87%) as a 1:3 (α/) mixture of anomers. 1H NMR (300 MHz, CDCl3, 
selected peaks): δ = 7.56–6.79 (m, Ar), 6.30 (dd, J1,2 = 3.3, J2,4 = 1.4 Hz, 1 H, 2-H, α-
anomer), 6.28 (d, J1,2 = 2.7 Hz, 1 H, 2-H, -anomer), 5.11–5.07 (m, 1-H), 3.48 (s, 3 H, 
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OMe, α-anomer), 3.46 (s, 3 H, OMe, -anomer) ppm. 13C NMR (75 MHz, CDCl3): δ = 
199.2 (6 C), 141.2, 138.5 (2 C), 138.2, 138.1, 138.0, 137.9, 135.4, 131.1, 129.7, 129.6 (2 
C), 129.0, 128.9 (2 C), 128.8 (2 C), 128.5 (4 C), 128.3 (2 C), 128.1 (2 C), 128.0 (4 C), 
127.9, 127.8 (2 C), 127.7, 127.6 (2 C), 127.1, 126.8 (2 C), 96.2, 95.1, 94.0, 91.5, 89.6, 
74.0, 73.5, 73.4, 72.2 (2 C), 70.8, 70.7, 70.6, 69.3, 61.8, 55.7 (2 C) ppm. HRMS (ESI+): 
calcd. For [C35H28Co2O10 + Na]+ 749.0244; found 749.0234. 
Methyl 4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-erythro-hex-2-
enopyranoside 16b: For the sake of characterization, complex 16a (63 mg, 0.09 mmol) 
was treated with TBAF in THF (0.9 mL). Purification by flash chromatography 
(hexane/ethyl acetate, 9:1) gave compound 16b (38 mg, 99%) as an inseparable 1:3 
(α/) mixture of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.44–7.26 (m, 30 H, Ar), 6.18 
(dd, J1,2 = 2.2, J2,4 = 0.8 Hz, 2-H, -anomer), 6.13 (dd, J1,2 = 3.1, J2,4 = 1.8 Hz, 1 H, 2-H, α-
anomer), 5.11 (dd, J1,2 = 2.2, J1,4 = 1.1 Hz, 1 H, 1-H, -anomer), 5.02 (d, J1,2 = 3.1 Hz, 1 H, 
1-H, α-anomer), 4.99 (d, J = 10.7 Hz, 1 H, CH2Ph, α-anomer), 4.89 (d, J = 11.3 Hz, 1 H, 
CH2Ph, -anomer), 4.71–4.63 (m, CH2Ph, α-and - anomers), 4.56 (s, 2 H, CH2Ph, -
anomer), 4.55–4.48 (m, 2 H, CH2Ph, α- and -anomers), 4.31 (dd, J4,5 = 9.6, J2,4 = 1.8 Hz, 
1 H, 4-H, α- anomer), 4.12–4.07 (m, 2 H, 4-H, 5-H, -anomer), 4.02 (ddd, J4,5 = 9.5, J5,6a 
= 3.5, J5,6b = 2.6 Hz, 1 H, 5-H, α-anomer), 3.76 (dd, J6a,6b = 10.7, J5,6a = 3.5 Hz, 1 H, 6a-H, 
α-anomer), 3.73–3.57 (m, 3 H, 6b-H, α-anomer, 2 6-H, -anomer), 3.48 (s, 3 H, OCH3, -
anomer), 3.45 (s, 3 H, OCH3, α-anomer) ppm. 13C NMR (75 MHz, CDCl3): δ = 138.3, 
138.2 (2 C), 138.0, 133.4, 131.8 (3 C), 131.7 (2 C), 131.1, 129.0, 128.7, 128.5 (4 C), 
128.5 (6 C), 128.4 (5 C), 128.2, 128.1, 127.9 (2 C), 127.8 (4 C), 127.2, 124.3, 123.0, 
122.9, 96.4, 95.7, 92.1, 91.5, 87.3, 86.5, 74.8, 73.7, 73.6, 73.5, 72.9, 71.8, 71.3, 69.9, 
69.3, 68.9, 56.0, 55.5 ppm. HRMS (ESI+): calcd. for [C29H28O4 + Na]+ 463.1885; found 
463.1857. C29H28O4 (440.54): calcd. C 79.07, H 6.41; found C 78.97, H 6.38.
General Procedure B. Reaction of Cobalt-Complexed Enyne 15 with Oxygen 
Nucleophiles: A solution of cobalt complex 15 (1 equiv.) and the appropriate alcohol (3 
equiv.) in dry CH2Cl2 (10 mL/mmol) under argon and in the presence of molecular 
sieves (4 Å) was cooled to –20 ºC and treated with BF3.OEt2 (1.2 equiv.). The mixture 
was kept at that temperature until TLC analysis revealed no further progress. The 
mixture was then quenched with saturated aqueous NaHCO3. The cooling bath was 
removed, and the layers were separated. The aqueous layer was extracted with CH2Cl2. 
The combined organic layers were washed with brine, dried with Na2SO4, filtered, and 
concentrated in vacuo. The crude product was purified by silica gel chromatography.
General Procedure C. Decomplexation of Cobalt-Complexed Enyne Glycosides: A 
solution of the cobalt complex in THF (10 mL/mmol) was treated with 
tetrabutylammonium fluoride trihydrate (TBAF; 2 equiv.). The reaction mixture was 
stirred for 2 h, and then it was diluted with Et2O and washed with water. The 
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combined organic layers were dried and concentrated. The residue was purified by 
silica column chromatography.
Complex 17a: This compound was prepared according to General Procedure B from 
enyne 15 (117 mg, 0.16 mmol) and benzyl alcohol (53 mg, 0.49 mmol). Silica gel 
chromatography (hexane/ethyl acetate, 9:1) gave 17a (100 mg, 76%) as an inseparable 
1:3 (α/) mixture of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.56–7.08 (m, 18 H, Ar), 
6.82–6.74 (m, 2 H, Ar), 6.31 (dd, J1,2 = 3.4, J2,4 = 1.4 Hz, 1 H, 2- H, α-anomer), 6.29 (d, J1,2 
= 2.8 Hz, 1 H, 2-H, -anomer), 5.31–5.26 (m, 2 H, 1-H, α- and -anomers), 4.87 (d, J = 
11.9 Hz, 1 H, CH2Ph, -anomer), 4.82 (d, J = 11.9 Hz, 1 H, CH2Ph, α-anomer), 4.67 (d, J = 
11.9 Hz, 1 H, CH2Ph, α-anomer), 4.64–4.38 (m, 9 H), 4.25 (dt, J4,5 = 8.3, J5,6a ≈ J5,6b = 3.2 
Hz, 1 H, 5-H, α-anomer), 4.18 (m, 2 H, CH2Ph), 4.12 (d, J = 12.2 Hz, 1 H, CH2Ph), 3.78–
3.67 (m, 2 H, 2 6-H, -anomer), 3.64 (dd, J6a,6b = 10.8, J5,6a = 3.6 Hz, 1 H, 6a-H, α-
anomer), 3.57 (dd, J6a,6b = 10.8, J5,6b = 2.6 Hz, 1 H, 6b-H, α-anomer) ppm. 13C NMR (126 
MHz, CDCl3): δ = 199.5, 199.2, 141.3, 138.5 (2 C), 138.1 (3 C), 138.0, 137.9, 137.8, 
135.3, 129.8 (2 C), 129.7 (2 C), 129.5 (2 C), 128.9 (2 C), 128.8 (2 C), 128.6 (4 C), 128.5 (4 
C), 128.3 (2 C), 128.1 (3 C), 128.0 (3 C), 127.9 (4 C), 127.8 (3 C), 127.7 (2 C), 127.6, 
127.1 (2 C), 126.8 (2 C), 95.3, 94.7 (C-1α), 92.9 (C-1_), 89.6, 74.1, 73.5 (2 C), 73.4, 72.2, 
72.1, 70.7 (2 C), 70.5, 70.1, 69.7, 69.1 ppm. HRMS (ESI+): calcd. for [C41H32Co2O10 + Na]+
825.0557; found 825.0527. 
Benzyl 4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-erythro-hex-2-
enopyranoside (17b): This compound was prepared according to General Procedure C 
by treatment of complex 17a (56 mg, 0.07 mmol) with TBAF/THF. Purification by flash 
chromatography gave compound 17b (30 mg, 83%) as an inseparable 1:3 mixture (α/) 
of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.39–7.26 (m, 20 H, Ar), 6.24 (dd, J1,2 = 2.3, 
J2,4 = 0.8 Hz, 1 H, 2-H, -anomer), 6.16 (dd, J1,2 = 3.2, J2,4 = 1.8 Hz, 1 H, 2-H, α-anomer), 
5.29 (dd, J1,2 = 2.3, J1,4 = 1.0 Hz, 1 H, 1-H, -anomer), 5.24 (br. d, J1,2 = 3.2 Hz, 1 H, 1-H, 
α-anomer), 5.00 (d, J = 10.7 Hz, 1 H, CH2Ph, α-anomer), 4.88 (d, J = 11.6 Hz, 1 H, CH2Ph, 
-anomer), 4.81 (d, J = 11.9 Hz, 1 H, CH2Ph, α-anomer), 4.75–4.45 (m, 10 H), 4.33 (dd, 
J4,5 = 9.6, J2,4 = 1.8 Hz, 1 H, 4-H, α-anomer), 4.12–4.12 (m, 2 H, 5-H, 6a-H, α-anomer), 
4.09 (ddd, J4,5 = 9.5, J5,6a = 3.7, J5,6b = 2.0 Hz, 1 H, 5-H, α-anomer), 3.74 (m, 2 H, 6b-H, α- 
and -anomers), 3.61 (dd, J6a,6b = 10.6, J5,6b = 2.2 Hz, 1 H, 6a-H, -anomer) ppm. 13C 
NMR (75 MHz, CDCl3): δ = 138.2 (2 C), 138.1 (2 C), 138.0, 137.7, 133.5, 131.9, 131.7 (4 
C), 128.7 (2 C), 128.6, 128.5 (15 C), 128.4 (5 C), 128.4 (2 C), 128.3, 128.2 (2 C), 128.1 (2 
C), 128.1 (2 C), 127.9 (2 C), 127.8 (2 C), 127.8, 127.2, 127.1, 123.8, 123.0, 94.3, 94.1, 
92.2, 86.5, 74.7, 73.8, 73.6, 73.5, 72.7, 71.7, 71.3, 70.2, 69.9, 69.7, 69.4, 68.7 ppm. 
HRMS (ESI+): calcd. for [C35H32O4 + NH4]+ 534.2644; found 539.2650.
Pent-4-en-1-yl 4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-erythro-hex-2-
enopyranoside (18b): General Procedure B was applied, starting from enyne 15 (70 
mg, 0.1 mmol) and 4-pentenol (30 μL, 0.3 mmol). Silica gel chromatography 
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(hexane/ethyl acetate, 95:5) gave 18a. This material was immediately treated with 
TBAF according to General Procedure C. Purification by flash chromatography 
(hexane/ethyl acetate, 9:1) gave compound 18b (29 mg, 60%) as an inseparable 1:3 
mixture (α/) of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.46–7.26 (m, 30 H, Ar), 6.20 
(br. d, J1,2 = 2.1 Hz, 1 H, 2-H, -anomer), 6.14 (dd, J1,2 = 3.2, J2,4 = 1.7 Hz, 1 H, 2-H, α-
anomer), 5.95–5.70 (m, 2 H, CH2), 5.18 (dd, J1,2 = 2.1, J1,4 = 1.3 Hz, 1 H, 1-H, -anomer), 
5.12 (br. d, J1,2 = 3.2 Hz, 1 H, 1-H, α-anomer), 5.01 (m, 5 H), 4.90 (d, J = 11.3 Hz, 1 H, 
CH2Ph, -anomer), 4.73–4.64 (m, 2 H), 4.60–4.46 (m, 4 H, CH2Ph), 4.32 (dt, J4,5 = 9.4, 
J2,4 = 1.7 Hz, 1 H, 4-H, α-anomer), 4.16–4.02 (m, 3 H), 3.89 (m, 1 H), 3.84–3.64 (m, 5 H), 
3.52 (m, 1 H), 2.13 (m, 4 H), 1.71 (m, 4 H) ppm. 13C NMR (75 MHz, CDCl3): δ = 138.3, 
138.2 (2 C), 138.1 (2 C), 137.9, 133.7, 132.0, 131.7 (4 C), 128.7, 128.6, 128.5 (10 C), 
128.4 (3 C), 128.2, 128.1, 128.0, 127.9 (2 C), 127.8 (6 C), 126.9, 123.9, 122.9 (2 C), 
115.0, 114.9, 95.5, 94.7, 92.0, 91.4, 87.3, 86.6, 74.7, 73.8, 73.5, 73.4, 72.9, 71.6, 71.3, 
69.8, 69.2, 68.7, 68.0, 67.9, 30.5, 30.4, 29.1, 29.0 ppm. HRMS (ESI+): calcd. for 
[C33H34O4 + Na]+ 517.2355; found 517.2346. C33H34O4 (494.63): calcd. C 80.13, H 6.93; 
found C 80.07, H 6.88.
Complex 19a: This compound was prepared according to General Procedure B from 
enyne 15 (71 mg, 0.1 mmol) and 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose 
(77.8 mg, 0.3 mmol). Silica gel chromatography (hexane/ethyl acetate, 95:5) gave 19a 
(43 mg, 45%) as an inseparable 1:3 mixture (α/) of anomers. 1H NMR (500 MHz, 
CDCl3): δ = 7.57–6.79 (m, 15 H, Ar), 6.32 (d, J1ʹ,2ʹ = 2.8 Hz, 1 H, 2ʹ-H, -anomer), 6.30 (dd, 
J1ʹ,2ʹ = 3.4, J2ʹ,4ʹ = 1.4 Hz, 1 H, 2ʹ-H, α-anomer), 5.53 (d, J1,2 = 5.0 Hz, 2 H, 1-H), 5.29 (d, 
J1ʹ,2ʹ = 2.8 Hz, 1 H, 1ʹ-H, -anomer), 5.27 (br. d, J1ʹ,2ʹ = 3.4 Hz, 1 H, 1ʹ-H, α-anomer), 4.61 
(dd, J2,3 = 8.0, J3,4 = 2.5 Hz, 1 H, 3-H), 4.58 (d, J = 12.3 Hz, 1 H), 4.57 (dd, J2,3 = 7.9, J3,4 = 
2.5 Hz, 1 H, 3-H), 4.52 (d, J = 11.7 Hz, 1 H), 4.49–4.40 (m, 6 H), 4.32 (dd, J4,5 = 5.0, J3,4 = 
2.5 Hz, 1 H, 4-H, α-anomer), 4.30 (dd, J4,5 = 5.0, J3,4 = 2.5 Hz, 1 H, 4-H, -anomer), 4.23 
(dt, J4ʹ,5ʹ = 8.0, J5ʹ,6ʹa = J5ʹ,6ʹb = 3.1 Hz, 1 H, 5ʹ-H, α-anomer), 4.19 (m, 3 H, 4ʹ-H, 2 6ʹ-H, α-
anomer), 4.12 (m, 1 H, 4ʹ-H, -anomer), 4.07 (ddd, J5,6b = 6.3, J4,5 = 5.0, J5,6b = 1.7 Hz, 1 
H, 5-H, α-anomer), 3.98 (m, 2 H), 3.89 (dd, J6a,6b = 10.4, J5,6a = 6.3 Hz, 1 H, 6-H, α-
anomer), 3.86 (dd, J4ʹ,5ʹ = 9.6, J5ʹ,6ʹa = J5ʹ,6ʹb = 4.8 Hz, 1 H, 5ʹ-H, -anomer), 3.75 (dd, J6a,6b 
= 10.6, J5,6a = 6.9 Hz, 1 H, 6-H, α-anomer), 3.69–3.63 (m, 2 H, 5-H, 6b-H, -anomer), 
1.54 (s, 3 H, CH3), 1.51 (s, 3 H, CH3), 1.45 (s, 3 H, CH3), 1.43 (s, 3 H, CH3), 1.35 (s, 3 H, 
CH3), 1.33 (s, 3 H, CH3), 1.32 (s, 3 H, CH3), 1.30 (s, 3 H, CH3) ppm. 13C NMR (126 MHz, 
CDCl3): δ = 199.3, 199.2, 140.9, 138.5, 138.4, 138.1, 138.0, 134.9, 129.8, 129.7 (2 C), 
129.6 (2 C), 128.9 (2 C), 128.8 (2 C), 128.5 (4 C), 128.3 (4 C), 128.0 (3 C), 127.9 (3 C), 
127.8 (2 C), 127.7, 127.5 (3 C), 127.1, 126.9, 109.4 (2 C), 108.8 (2 C), 96.5, 96.4, 95.8, 
95.2, 94.5, 93.8, 91.5, 89.7, 73.8, 73.5, 73.4, 73.3, 72.2, 71.9, 71.4 (2 C), 71.1, 70.8 (3 
C), 70.7 (2 C), 70.5, 69.1, 67.9, 67.8, 67.0, 66.5, 26.2, 26.1 (4 C), 25.2, 25.1, 24.6 ppm. 
HRMS (ESI+): calcd. for [C46H44Co2O15 + NH4]+ 972.1688; found 972.1644. 
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4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-erythro-hex-2-enopyranosyl-
(1→6)-1,2:3,4-di-O-isopropylidene-α-D-galactopyranose (19b): This compound was 
prepared according to General Procedure C from complex 19a (43 mg, 0.045 mmol) 
and TBAF. Purification by flash chromatography gave compound 19b (27.7 mg, 92%) as 
an inseparable 1:3 mixture (α/) of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.49–7.12 
(m, 30 H, Ar), 6.26 (br. d, J1ʹ,2ʹ = 2.2 Hz, 1 H, 2ʹ-H, -anomer), 6.15 (dd, J1ʹ,2ʹ = 3.2, J2ʹ,4ʹ = 
1.8 Hz, 1 H, 2ʹ-H, α-anomer), 5.54 (d, J1,2 = 5.0 Hz, 1 H, 1-H, -anomer), 5.51 (d, J1,2 = 5.0 
Hz, 1 H, 1-H, α-anomer), 5.28 (dd, J1ʹ,2ʹ = 2.2, J1ʹ,4ʹ = 1.0 Hz, 1 H, 1ʹ-H, -anomer), 5.20 
(br. d, J1ʹ,2ʹ = 3.2 Hz, 1 H, 1ʹ-H, α-anomer), 5.00 (d, J = 10.6 Hz, 1 H, CH2Ph), 4.87 (d, J = 
11.4 Hz, 1 H, CH2Ph), 4.67 (d, J = 11.4 Hz, 1 H, CH2Ph), 4.62–4.53 (m, 3 H), 4.54 (s, 2 H, 
CH2Ph), 4.52–4.45 (m, 4 H, CH2Ph), 4.37–4.33 (m, 1 H, 3-H, α-anomer), 4.31 (dd, J4,5 = 
5.0, J3,4 = 2.4 Hz, 1 H, 4-H, -anomer), 4.27 (dd, J4ʹ,5ʹ = 8.0, J2ʹ,4ʹ = 1.8 Hz, 1 H, 4ʹ-H, α-
anomer), 4.17 (dd, J4ʹ,5ʹ = 7.9, J1ʹ,4ʹ = 1.0 Hz, 1 H, 4ʹ-H, -anomer), 4.13–3.94 (m, 8 H), 
3.86 (dd, J6ʹa,6ʹb = 10.0, J5,6ʹa = 5.9 Hz, 1 H, 6ʹa-H, α-anomer), 3.81–3.70 (m, 4 H), 3.67 (dd, 
J6ʹa,6ʹb = 10.4, J5,6ʹb = 5.7 Hz, 1 H, 6ʹb-H, -anomer), 1.58 (s, 3 H, CH3), 1.54 (s, 3 H, CH3),
1.51 (s, 3 H, CH3), 1.44 (s, 6 H, CH3), 1.34 (s, 3 H, CH3), 1.33 (s, 3 H, CH3), 1.32 (s, 3 H, 
CH3) ppm. 13C NMR (126 MHz, CDCl3; selected peaks for -anomer): δ = 138.3, 138.1, 
133.8, 131.8 (2 C), 128.5 (6 C), 128.4 (2 C), 128.2 (2 C), 127.9, 127.8 (2 C), 127.1, 123.7, 
109.5, 108.7, 96.5, 91.4, 87.4, 74.7, 73.4, 72.8, 71.4, 71.3, 70.8, 70.6, 69.8, 67.6, 67.4, 
26.3, 26.2, 25.1, 24.6 ppm. HRMS (ESI+): calcd. for [C40H44O9 + Na]+ 691.2883; found 
691.2879. C40H44O9 (668.78): calcd. C 71.84, H 6.63; found C 71.69, H 6.61.
Synthesis of Methyl Glycosides 20 from 16b: A solution of allyl glycoside 16b (72 mg, 
0.16 mmol) as an inseparable 6:1 (α/) mixture of anomers in dry MeOH (1.5 mL) was 
treated with H2 (balloon) in the presence of Pd/C catalyst (10% w/w; 7 mg), and stirred 
at room temperature until TLC showed no further progress (23 h). The reaction 
mixture was then diluted with CH2Cl2/MeOH (9:1) and stirred for 30 min. The crude 
mixture was filtered through Celite, which was then washed with CH2Cl2/MeOH (9:1). 
This material was immediately treated with pyridine (1.6 mL, 0.02 mol) and acetic 
anhydride (0.64 mL, 0.007 mol) until TLC showed that the acetylation was complete 
(16 h). The mixture was filtered and concentrated in vacuo. Purification by silica gel 
chromatography (hexane/ethyl acetate, 8:2) gave a mixture of diastereomers (35.3 
mg, 63%); α-20 was assigned as the major isomer. 1H NMR (300 MHz, CDCl3; selected 
peaks for the major isomer): δ = 7.32–7.26 (m, 2 H, Ar), 7.22–7.11 (m, 3 H, Ar), 4.97 
(dd, J4,5 = 7.4, J3,4 = 4.6 Hz, 1 H, 4-H), 4.74 (t, J1,2a = J1,2b = 4.6 Hz, 1 H, 1-H), 4.31 (dd, J6a,6b 
= 11.9, J5,6a = 6.2 Hz, 1 H, 6a-H), 4.12 (dd, J6a,6b = 11.9, J5,6b = 3.3 Hz, 1 H, 6b-H), 4.02 
(ddd, J4,5 = 7.4, J5,6a = 6.2, J5,6b = 3.3 Hz, 1 H, 5-H), 3.38 (s, 3 H, OCH3), 2.78–2.61 (m, 1 H), 
2.60–2.39 (m, 1 H), 2.08 (s, 3 H, OAc), 2.06 (s, 3 H, OAc), 2.03 (m, 1 H, 3-H), 1.94–1.68 
(m, 4 H, 2 2-H, CH2) ppm. 13C NMR (101 MHz, CDCl3): δ = 170.9, 170.4, 142.2, 128.5, 
128.4, 126.0, 99.0, 69.9, 68.2, 63.5, 55.4, 33.6, 33.3, 31.1, 30.7, 21.1, 20.9 ppm. HRMS 
(ESI+): calcd. for [C19H26O6 + Na]+ 373.1627; found 373.1635. 
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General Procedure D. Reaction of Cobalt-Complexed Enyne 15 with Carbon 
Nucleophiles Followed by Decomplexation: A solution of cobalt complex 15 (1 equiv.) 
and the appropriate nucleophile (2 equiv.) in dry CH2Cl2 (10 mL/mmol) under argon 
and in the presence of molecular sieves (4 Å) was cooled to –20 ºC and treated with 
BF3.OEt2 (0.12 equiv.). The resulting mixture was kept at that temperature for the time 
indicated in the text, or until TLC analysis showed no further progress. The reaction 
mixture was then quenched with saturated aqueous NaHCO3. The cooling bath was 
removed, and the layers were separated. The aqueous layer was extracted with CH2Cl2. 
The combined organic layers were washed with brine, dried with Na2SO4, filtered, and 
concentrated in vacuo. The crude product was purified by silica gel chromatography. 
The residue was dissolved in THF (10 mL/mmol), and treated with 
tetrabutylammoniumfluoride trihydrate (TBAF; 2 equiv.). The reaction mixture was 
stirred for 2 h, and then it was diluted with Et2O and washed with water. The 
combined organic layers were dried and concentrated. The residue was purified by 
silica column chromatography (hexane/ethyl acetate).
1,5-Anhydro-4,6-di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-1-(prop-2-en-1-yl)-α-D-
erythro-hex-2-enitol (22b): General Procedure D was applied starting from enyne 15 
(70 mg, 0.1 mmol) and allyltrimethylsilane (22 mg, 0.2 mmol). Silica gel 
chromatography (hexane/ethyl acetate, 95:5) gave pure 22a. This material was 
immediately treated with TBAF according to the general procedure. Purification by 
flash chromatography (hexane/ethyl acetate, 95:5) gave compound 22b (32 mg, 70%). 
1H NMR (300 MHz, CDCl3): δ = 7.43–7.27 (m, 15 H), 6.27 (dd, J1,2 = 3.0, J2,4 = 1.3 Hz, 1 H, 
2-H), 5.86 (m, 1 H, 2ʹ-H), 5.19–5.07 (m, 2 H, 3ʹ-H), 4.93 (d, J = 11.1 Hz, 1 H, CH2Ph), 
4.67–4.55 (m, 2 H, CH2Ph), 4.51 (d, J = 12.2 Hz, 1 H, CH2Ph), 4.35 (m, 1 H, 1-H), 4.10 (dt, 
J4,5 = 6.3, J1,4 = J2,4 = 1.3 Hz, 1 H, 4-H), 3.96 (ddd, J4,5 = 6.3, J5,6a = 4.9, J5,6b = 3.7 Hz, 1 H, 5-
H), 3.70 (dd, J6a,6b = 10.4, J5,6a = 4.9 Hz, 1 H, 6a-H), 3.62 (dd, J6a,6b = 10.4, J5,6b = 3.7 Hz, 1 
H, 6b-H), 2.52 (m, 1 H, 1ʹ-H), 2.36 (m, 1 H, 1ʹ-H) ppm. 13C NMR (75 MHz, CDCl3): δ = 
138.2, 137.5, 134.2, 131.6 (2 C), 129.9, 128.5 (4 C), 128.4 (4 C), 128.0 (2 C), 127.9, 
127.8, 123.2, 121.5, 117.9, 90.1, 87.7, 73.5, 73.2, 72.0 (2 C), 71.4, 68.9, 38.2 ppm. 
HRMS (ESI+): calcd. for [C31H30O3 + Na]+ 473.2093; found 473.2087. C31H30O3 (450.58): 
calcd. C 82.64, H 6.71; found C 82.59, H 6.73.
3-[4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-erythro-hex-2-
enopyranosyl]-1-methyl-1H-indole (23b): General Procedure D was applied starting 
from enyne 15 (70 mg, 0.1 mmol) and 1-methylindole (26.2 mg, 0.2 mmol). Silica gel 
chromatography (hexane/ethyl acetate, 95:5) gave 23a. This material was immediately 
treated with TBAF according to the general procedure. Purification by flash 
chromatography gave compounds α-23b (12 mg, 23 %) and -23b (25 mg, 46%). Data 
for α-23b: [α]D24 = +86.0 (c = 1.4, CHCl3). 1H NMR (300 MHz, CDCl3): δ = 7.85 (d, J = 7.9 
Hz, 1 H), 7.51–7.41 (m, 2 H, 2Ar), 7.37–7.16 (m, 16 H, Ar), 7.05 (s, 1 H, 2ʹ-H), 6.58 (dd, 
J1,2 = 3.8, J2,4 = 1.4 Hz, 1 H, 2-H), 5.81 (dd, J1,2 = 3.8, J1,4 = 1.9 Hz, 1 H, 1-H), 5.04 (d, J = 
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10.7 Hz, 1 H, CH2Ph), 4.64–4.52 (m, 2 H, CH2Ph), 4.48–4.35 (m, 2 H, 4-H, CH2Ph), 3.83–
3.71 (m, 4 H, 5-H, NCH3), 3.68 (dd, J6a,6b = 10.6, J5,6a = 3.6 Hz, 1 H, 6a-H), 3.53 (dd, J6a,6b = 
10.6, J5,6b = 2.5 Hz, 1 H, 6b-H) ppm. 13C NMR (125 MHz, CDCl3): δ = 138.3 (2 C), 137.5, 
136.4, 134.0, 131.7 (2 C), 129.5, 128.5 (4 C), 128.4 (5 C), 128.2 (2 C), 127.9, 127.7, 
127.3, 123.6, 123.3, 122.2, 120.1, 119.7, 112.1, 109.4, 90.3, 87.7, 74.3, 73.5, 72.0, 70.4, 
69.1, 68.8, 32.9 ppm. HRMS (ESI+): calcd. for [C37H33NO3 + H]+ 540.2533; found 
540.2496. C37H33NO3 (539.25): calcd. C 82.35, H 6.16, N 2.60; found C 82.29, H 5.97, N 
2.56. Data for -23b: [α]D24 = +0.34 (c = 1.4, CHCl3). 1H NMR (300 MHz, CDCl3): δ = 7.72 
(dd, J = 7.8, 1.1 Hz, 1 H, Ar), 7.42–7.12 (m, 18 H, Ar), 7.11 (s, 1 H, 2ʹ-H), 6.46 (t, J1,2 = J2,4 
= 1.7 Hz, 1 H, 2-H), 5.62 (dd, J1,4 = 3.0, J1,2 = 1.7 Hz, 1 H, 1-H), 5.11 (d, J = 10.6 Hz, 1 H, 
CH2Ph), 4.67 (d, J = 10.6 Hz, 1 H, CH2Ph), 4.61 (d, J = 12.2 Hz, 1 H, CH2Ph), 4.54 (d, J = 
12.2 Hz, 1 H, CH2Ph), 4.38 (ddd, J4,5 = 9.0, J1,4 = 3.0, J2,4 = 1.7 Hz, 1 H, 4-H), 3.97 (ddd, J4,5 
= 9.0, J5,6a = 5.0, J5,6b = 2.3 Hz, 1 H, 5-H), 3.82 (dd, J6a,6b = 10.8, J5,6b = 2.3 Hz, 1 H, 6b-H), 
3.82–3.70 (m, 4 H, 6a-H, NCH3) ppm. 13C NMR (125 MHz, CDCl3): δ = 138.6, 138.3, 
138.2, 137.5, 131.6 (2 C), 128.5 (6 C), 128.4 (3 C), 128.0 (2 C), 127.9, 127.6 (2 C), 126.6, 
123.3, 122.7, 122.1, 120.1, 119.6, 113.7, 109.5, 90.5, 87.4, 78.1, 74.2, 73.6, 72.2, 71.6, 
70.0, 32.9 ppm. HRMS (ESI+): calcd. for [C37H33NO3 + H]+ 540.2539; found 540.2543. 
C37H33NO3 (539.25): calcd. C 82.35, H 6.16, N 2.60; found C 82.27, H 6.01, N 2.57. 
2-[4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-erythro-hex-2-
enopyranosyl]furan (24b): General Procedure D was applied starting from enyne 15 
(70 mg, 0.1 mmol) and furan (14.3 μL, 0.2 mmol). Silica gel chromatography 
(hexane/ethyl acetate, 95:5) gave 24a. This material was immediately treated with 
TBAF according to the general procedure. Purification by flash chromatography gave 
compound 24b (27.6 mg, 60%). 1H NMR (400 MHz, CDCl3): δ = 7.65–7.08 (m, 30 H, Ar), 
6.40–6.30 (m, 4 H), 5.45 (dd, J1,2 = 3.8, J1,4 = 2.1 Hz, 1 H, 1-H, α-anomer), 5.37 (t, J1,2 = 
J1,4 = 2.4 Hz, 1 H, 1-H, -anomer), 5.08–4.97 (m, 2 H, CH2Ph), 4.64–4.51 (m, 5 H, CH2Ph), 
4.46 (d, J = 12.1 Hz, 1 H, CH2Ph), 4.35 (td, J4,5 = 8.5, J1,4 ≈ J2,4 = 2.1 Hz, 1 H, 4-H, α-
anomer), 4.29 (ddd, J4,5 = 8.8, J1,4 = 2.4, J2,4 = 1.4 Hz, 1 H, 4-H, -anomer), 3.86 (ddd, J4,5 
= 8.8, J5,6a = 4.9, J5,6b = 2.2 Hz, 1 H, 5-H, -anomer), 3.82–3.68 (m, 2 H, 6-H, -anomer), 
3.79 (ddd, J4,5 = 8.5, J5,6a = 3.7, J5,6b = 2.3 Hz, 1 H, 5-H, α-anomer), 3.72 (dd, J6a,6b = 10.7, 
J5,6a = 3.7 Hz, 1 H, 6a-H, α-anomer), 3.62 (dd, J6a,6b = 10.7, J5,6b = 2.3 Hz, 1 H, 6b-H α-
anomer) ppm. 13C NMR (75 MHz, CDCl3): δ = 151.3, 143.3, 138.2, 138.1, 132.7, 131.7 (2 
C), 128.6 (2 C), 128.5 (5 C), 128.4 (2 C), 128.2 (2 C), 128.2, 127.9, 127.8, 125.0, 123.1, 
110.3, 91.0, 87.0, 74.1, 73.6, 73.5, 71.5, 71.3, 68.8 ppm. HRMS (ESI+): calcd. for 
[C32H28O4 + H]+ 477.2066; found 477.2055. C32H28O4 (476.57): calcd. C 80.65, H 5.92; 
found C 80.53, H 5.88.
Complex 26a: A solution of glycal 15 (71 mg, 0.1 mmol) and 1-methylindole (25 μL, 0.2 
mmol) in dry CH2Cl2 (20 mL) under argon was cooled to –78 ºC and treated with 
BF3.OEt2 (15.2 μL, 0.12 mmol). The mixture was kept at the same temperature for 20 
min; then it was treated with a saturated solution of NaHCO3, and extracted with 
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CH2Cl2. The organic layers were concentrated, and the crude product (74 mg, 78%, 
15:1 isomeric mixture) was purified by silica gel chromatography (hexane/ethyl 
acetate, 9:1) to give the major isomer E-26a (63 mg, 65 %). 1H NMR (400 MHz, CDCl3): 
δ = 7.64–6.88 (m, 24 H, Ar and 2-H), 6.59 (s, 2 H, 2ʹ-H), 5.84–5.64 (m, 1 H, 1-H), 4.79–
4.64 (m, 1 H, 4-H), 4.46 (d, J = 11.6 Hz, 1 H, CH2Ph), 4.31 (m, 2 H, OCH2Ph), 4.14 (d, J = 
11.8 Hz, 1 H, CH2Ph), 4.02 (m, 1 H, 5-H), 3.71 (s, 3 H, NCH3), 3.63–3.49 (m, 5 H, NCH3, 6-
H), 2.06 (d, J = 7.5 Hz, 1 H, OH) ppm. 13C NMR (101 MHz, CDCl3): δ = 199.8, 139.2, 
138.2, 137.4, 133.8, 131.8, 129.6, 128.6, 128.5, 128.2, 127.9, 127.8, 127.6, 127.4, 
127.3, 127.0, 126.9, 126.7, 121.7, 121.5, 120.4, 120.3, 118.9, 118.8, 117.3, 109.3, 
109.1, 73.1, 71.4, 33.9, 32.9, 32.7 ppm. HRMS (ESI+): calcd. for [C52H42Co2N2O9 + Na]+
979.1452; found 979.1468. The minor isomer Z-26a (2 mg, 2%) was also separated, but 
its full characterization could not be carried out. 1H NMR (300 MHz, CDCl3): δ = 7.37–
7.02 (m, 22 H, Ar), 6.92 (t, J = 7.5 Hz, 1 H, Ar), 6.85 (t, J = 7.5 Hz, 1 H, Ar), 6.75 (d, J1,2 = 
10.3 Hz, 1 H, 2-H), 6.59 (s, 1 H, 2ʹ-H), 6.52 (s, 1 H, 2ʹ-H), 5.59 (d, J1,2 = 10.3 Hz, 1 H, 1-H), 
4.56 (d, J = 11.0 Hz, 1 H, CH2Ph), 4.45–4.31 (m, 3 H, CH2Ph), 4.19 (d, J4,5 = 7.1 Hz, 1 H, 4-
H), 4.02 (dd, J4,5 = 7.1, J5,6a = 6.7 Hz, 1 H, 5-H), 3.76–3.67 (m, 1 H, 6a-H), 3.65–3.57 (m, 4 
H, NCH3 and 6b-H), 3.55 (s, 3 H, NCH3), 2.45 (d, J = 4.8 Hz, 1 H, OH) ppm. HRMS (ESI+): 
calcd. for [C52H42Co2N2O9 + Na]+ 979.1452; found 979.1473. 
Bis(indolyl) Derivative 26b: This compound was obtained by treatment of 26a (51.7 
mg, 0.054 mmol) in THF (0.5 mL) with TBAF (34.8 mg, 0.108 mmol). The reaction 
mixture was stirred for 2 h; then it was diluted with Et2O and washed with water. The 
combined organic layers were dried and concentrated. The residue was purified by 
silica column chromatography (hexane/ethyl acetate, 95:5) to give 26b (17.1 mg, 50%). 
1H NMR (400 MHz, CDCl3): δ = 7.57 (d, J = 8.0 Hz, 1 H, Ar), 7.49 (d, J = 8.0 Hz, 1 H, Ar), 
7.40–7.00 (m, 22 H, Ar and 2-H), 6.94 (s, 1 H, 2ʹ-H), 6.81 (s, 1 H, 2ʹ-H), 5.62 (d, J1,2 = 10.0 
Hz, 1 H, 1-H), 4.74 (d, J4,5 = 7.8 Hz, 1 H, 4-H), 4.59 (d, J = 11.6 Hz, 1 H, CH2Ph), 4.51 (d, J 
= 11.8 Hz, 1 H, CH2Ph), 4.46 (d, J = 11.8 Hz, 1 H, CH2Ph), 4.17 (d, J = 11.6 Hz, 1 H, 
CH2Ph), 4.11 (m, 1 H, 5-H), 3.80 (dd, J6a,6b = 9.8, J5,6a = 3.1 Hz, 1 H, 6a-H), 3.73 (m, 4 H, 
NCH3 and 6b-H), 3.66 (s, 3 H, NCH3), 2.27 (br. s, 1 H, OH) ppm. 13C NMR (101 MHz, 
CDCl3): δ = 146.7, 138.5, 138.4, 137.4, 131.8, 128.5, 128.3, 128.3, 128.0, 127.9, 127.9, 
127.7, 127.5, 127.2, 127.2, 127.0, 126.8, 123.7, 121.8, 121.7, 121.1, 120.1, 120.1, 
119.0, 117.0, 116.8, 109.4, 109.3, 89.3, 88.6, 75.6, 73.5, 71.8, 71.1, 70.6, 33.4, 32.9, 
32.8 ppm. HRMS (ESI+): calcd. for [C46H42N2O3 + NH4]+ 688.3539; found 688.3547. 
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1H NMR with display of anomeric ratio as in Table 1 
Mixture of 
compounds 15/16a
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5.45 (dd, J1,2 = 3.8,
J1,4 = 2,1 Hz) H-1 -anomer
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Collection of mass spectra (HRMS): Compounds 15-26
226 
Capítulo 3: Eur. J. Org. Chem. 2017, 2501–2511. 
227 
228 














Capítulo 3: Eur. J. Org. Chem. 2017, 2501–2511. 
231 
232 
Capítulo 3: Eur. J. Org. Chem. 2017, 2501–2511. 
233 
234 
Capítulo 3: Eur. J. Org. Chem. 2017, 2501–2511. 
235 
236 
Capítulo 3: Eur. J. Org. Chem. 2017, 2501–2511. 
237 
238 




Diversity-Oriented Synthetic-Endeavors of Newly 
Designed Ferrier and Ferrier-Nicholas Systems 
derived from 1-C-Alkynyl-2-deoxy-2-C-Methylene 
Pyranosides.
Silvia Miranda, Ana M. Gómez and J. Cristóbal López.
Eur. J. Org. Chem. 2018, 5355–5374
DOI: 10.1002/ejoc.201801004 

Capítulo 4: Eur. J. Org. Chem. 2018, 5355–5374.
243 
4.1. Introducción
Tal y como se mencionó en el Capítulo 1, nuestro grupo de investigación estaba 
interesado en el diseño de un sistema de Ferrier-Nicholas que permitiese el acceso a 
compuestos bis-funcionalizados tipo A (Esquema 4.1, idéntico al compuesto 85
Esquema 1.26). Entre los productos de partida que se consideraron para acceder a los 
sistemas tipo A, destacaron los glicales ramificados en C-2, B y C. 
En ensayos preliminares llevados a cabo por el Dr. Fernando Lobo, se había 
intentado la síntesis de los derivados tipo C (R=Bn). Sin embargo, las rutas 
consideradas para la síntesis de C no funcionaron, y el proyecto fue abandonado. 
Después de mi llegada al grupo de investigación se eligieron, como candidatos para el 
acceso a los glicales bis-funcionalizados A, los C-3-metilen derivados B (Esquema 4.1). 
Se pensó que los compuestos tipo B podrían evolucionar al producto deseado A, a 
través de los intermedios catiónicos D, E o bien G, F (Esquema 4.1). 
Esquema 4.1 Consideraciones preliminares en la elección de precursores sintéticos 
tipo Ferrier-Nicholas, del derivado bis-funcionalizado A. 
En la siguiente publicación se detallan: el acceso sintético a los productos tipo B y 
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Diversity-Oriented Synthetic-Endeavors of Newly Designed 
Ferrier and Ferrier-Nicholas Systems derived from 1-C-Alkynyl-
2-deoxy-2-C-Methylene Pyranosides. 
Silvia Miranda, Ana M. Gómez* and J. Cristóbal López* 
Abstract: 
Novel pyranose derivatives that display novel Ferrier- and Ferrier-Nicholas-like 
reactivity have been designed. These systems: 1-C-alkynyl-2-deoxy-2-C-methylene 
pyranosides (Ferrier), and their corresponding dicobalthexacarbonyl alkenyl 
derivatives (Ferrier-Nicholas), which can be accessed by a concise synthetic route from 
commercially available tri-O-acetyl-D-glucal, allow the incorporation of two 
nucleophiles (at positions C-3 and C-2’) in the pyranose ring. The study of these 
systems has resulted in the discovery of novel reaction patterns that allow, among 
others, access to open-chain derivatives, branched pyranosides, 1,6-anhydro 
derivatives and, when reacting with indole, access to a new family of tetracyclic indole 
containing carbohydrate derivatives, namely, cyclohepta[b]indole-fused glycals. The 
latter are, most likely, formed by a bis Ferrier-type rearrangement followed by an 
unusual intramolecular 7-endo-dig Friedel-Crafts alkenylation of one of the indole 
moieties by the C-1 alkyne. 
Introduction 
The transformation of glycals (1,5-anhydrohex-1-enitols, e.g., 1, Scheme 1) into 
2,3-unsaturated glycosyl derivatives or pseudoglycals (e.g., 3, Nu = OR’), reported 
more than fifty years ago,[1,2] is currently known as Ferrier rearrangement (FR), or 
Ferrier (I) reaction.[3] This process, a formal substitution-with allylic-rearrangement, or 
an allylic glycosylation, continues to enjoy a burgeoning interest.[4,5] Arguably, the 
reason behind this long-standing attention rests on the importance of the ensuing 
pseudoglycals or hex-2-enopyranoses (e.g., 3), which represent one of the most 
appealing types of carbohydrate-derivatives used in synthesis.[6,7] 
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Scheme 1. Ferrier rearrangement of glycals, e.g. 1, leading to allylic glycosides, e.g. 3, 
via the intermediacy of glycosyl allylic cation 2. 
Research in the Ferrier rearrangement has traditionally focused on the 
development of efficient catalysts to trigger the process.[5,8] In this context, the use of 
palladium chemistry for improved stereocontrol and versatility has surfaced lately,[9] 
and more recently a seminal contribution by Doisneau, Beau and coworkers has 
allowed to widen the scope of the FR by generating nucleophilic allyl samarium species 
(rather than electrophilic allylic oxycarbenium ions, e.g. 2) able to react with 
electrophiles.[10] On the other hand, an additional area of interest related to the FR has 
been the development of novel unsaturated pyranosidic systems that react via allylic 
oxycarbenium ions.[11,12] Along this line, (C-2)-homologated unsaturated pyranosidic  
systems, e.g. 4, 7, involve allylic oxycarbenium ions, i.e. 5, in their transformation to 
allylic glycosides 6 (Scheme 2a,b). Compounds type 4, introduced by Booma and 
Balasubramanian as a “new Ferrier system”,[13] react with “hard” nucleophiles[14] in the 
presence of Lewis acids to give allylic glycosides, e.g. 6 (Scheme 2a).[8d,15,16] The latter 
could also be obtained upon acid-catalyzed transformation of 2-deoxy-2-C-methylene 
glycosides 7 (Scheme 2b).[17,18] The reverse transformation, i.e. 6 → 4 (Nu = OR), has 
not been described.[19]
Scheme 2. Ferrier-type systems, 4 and 7, leading to allylic glycosides 6, via the 
intermediacy of exo-Ferrier allylic cation, 5. 
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Scheme 3. Hypothetical Ferrier-type system, leading to bis-functionalyzed glycals. 
Our continuing interest in the FR led us to search for a Ferrier-like system related 
to 4, which could allow a double functionalization at both allylic positions (C-3 and C-
2’), thus leading to a bisfunctionalized glycal, e.g. 8 (Scheme 3). Thus, we envisaged 
that for such transformation to take place at least two conditions had to be met, i) an 
allylic cation such as 9 (Scheme 3) will need to be formed in preference to allylic cation 
5 (see Scheme 2), ii) this oxycarbenium ion (9) should react at C-3, leading to 10, rather 
than at C-1. Then reaction of the latter could lead to 8, via allylic oxycarbenium ion 11. 
Based on our previous experience with pyranosidic C-alkynyl and C-alkynyl-
hexacarbonyl dicobalt derivatives, we identified two potential sets of Ferrier- and 
Ferrier-Nicholas-like[20,21,22,23] derivatives that could behave as pictured in Scheme 3. In 
this context, compounds 12 and 13 (Figure 1), initially contemplated owing to their 
similarity to glycals type 4, were soon discarded because of the complex synthetic 
route involved in their preparation. Then, based on the analogy between C-2-
homologated derivatives 4 and 7 (Scheme 2), we finally considered 2-C-methylene 
compounds 14, 15 (Figure 1) as the substrates for this study. In this manuscript, we 
report on the synthesis, and chemical transformations of previously unknown 
derivatives 14 and 15, which provide access to a variety of compounds in a diversity 
oriented manner, as well as their effectiveness in the implementation of the 
hypothesis raised in Scheme 3. 
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Figure 1. 1-C-Alkynyl-2-deoxy-2-C-methylene derivatives 14 and 15 described in this 
study. 
Results and Discussion 
Synthesis of the Starting Alkynyl Derivates 14 and 15 
The synthetic route to 2-C-methylene derivatives 14, started from commercially 
available tri-O-acetyl-D-glucal (3,4,6-tri-O-acetyl-1,5-anhydro-2-deoxy-D-arabino-hex-1-
enitol) (16), and could be carried out in seven steps in a fair overall yield (Scheme 4). 
The corresponding alkynyl dicobalt hexacarbonyl derivatives 15, were then obtained 
from 14 by treatment with Co2(CO)8 in CH2Cl2 (Scheme 4).[22] The key steps of the 
overall transformation were based on well-established chemistry: i) access to 2-C-
formyl derivatives 18 from glycals 17, via a Vilsmeier-Haack reaction;[13] and ii) one-pot 
rearrangement-oxidation of 2-C-acetoxymethyl glycals 19 leading to α-methylene δ-
valerolactones 20.[17] Finally, reaction of the latter with the appropriate lithium 
acetylide gave, after treatment with trimethylsilyl chloride, the desired alkynyl 
derivatives 14 (Scheme 4). 
Overall, the synthetic protocol can be considered concise and flexible, since it 
requires five steps from the ether-protected glycals 17, to C-alkynyl ketoses 14, and 
allows the incorporation of different hydroxyl-protecting groups, and alkynes.  
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Scheme 4. Synthesis of 2-deoxy-2-C-methylene pyranosides 14, and the corresponding 
alkynyl dicobalthexacarbonyl derivatives 15. 
Reactivity of ketosides 14, under acid or basic media, in the absence of external 
nucleophiles. 
Ramesh and coworkers had reported on the transformation of 2-C-hydroxymethyl 
glycal 21, into a mixture of unsaturated hemiacetals and open-chain aldehydes 22 and 
23, respectively, upon treatment with InCl3 in acetonitrile/water (Scheme 5).[24] 
Scheme 5. Ramesh and co-workers’ transformation of 2-C-hydroxymethyl glycal 21
into open-chain derivative 23. 
In this connection, we first studied the hydrolysis of 14a with InBr3, which 
produced a mixture of 5-O-trimethylsilyl and 5-hydroxy, open-chain derivatives 24a,b, 
respectively (71%, 1:4 ratio, Scheme 6a). The use of BF3.OEt2 simplified the reaction 
mixture, and the exclusive formation of open-chain hydroxy-enone 24b was observed 
(51%, Scheme 6b). A similar result was observed upon treatment of 14a with Et3N-3HF 
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complex, where compound 24b was isolated in 90% yield (Scheme 6c). The use of 
Et3N-3HF complex in the presence of added NEt3 (10 equiv.) generated an inseparable 
mixture of 24b and pyranosyl derivative 25,[25] in a 3:1 ratio (88% yield), with the latter 
arising from a Michael-type addition on 24b (Scheme 6d). Along this line, the presence 
of additional NEt3 (57 equiv.) should favor cyclization, as is the case observed in 
Scheme 6e, where a reversed ratio of the reaction products [24b/25, 1:6.5 (1H-NMR), 
88% yield) could be observed. Finally, refluxing of 14a in the presence of Et3N-3HF 
complex and additional Et3N (57 equiv.) in THF (Scheme 6f), provided an inseparable 
mixture of pyranose 25 and an unsaturated derivative, to which we tentatively 
assigned structure 26 (87% yield, 1.5:1 ratio), on the basis of its similarity with a 
related derivative, i.e. 27, which could be obtained upon treatment of per-O-allylated 
derivative 14b with basic alumina in EtOAc (35 oC, 7 days, Scheme 6g). 
The structural assignment of 2-C-branched pyranose 25 was based on its NMR and 
mass spectra. Thus, the disappearance of the C-2 exo-methylene group along with the 
presence of a new CH2 group (C-2’) at 67.5 ppm (13C-NMR), which correlated with 
H2’ax and H2’eq (HSQC spectrum) could be observed, therefore indicating the novel 
ring closure. The equatorial -orientation of the chain at C-2 was clear on the basis of 
the observed coupling constants for H-2: 1H-NMR (H-2, ddd, 3.37 ppm, J2’eq,2 = 4.6 Hz, 
J2’ax,2 = 11.2 Hz, J2,3 = 10.4 Hz); (H-3, dd, 4.14 ppm, J2,3 = 10.4 Hz, J3,4 = 8.8 Hz). 
Reaction of ketoside 14a with indole: Access to cyclohepta[b]indole derivatives. 
The indole moiety is a prominent structural motif in significant organic molecules 
including alkaloids, pharmaceuticals, and functional materials.[26] In this context, we 
decided to evaluate the incorporation of indole to our carbohydrate systems, 14 and 
15. 
Accordingly, reaction of alkynyl ketoside 14a, with indole mediated by InBr3 at 
room temperature, furnished a mixture of compounds that included previously 
mentioned open-chain hydroxy-ketone 24b, as well as three compounds 28a, 28b and 
29, that incorporated indole into their structure (Scheme 7). In this context, we have 
also shown that tetracyclic derivative 29 does not arise from open-chain compound 
28b under these reaction conditions, vide infra, (Scheme 9). 
Conversely, the use of BF3.OEt2 as catalyst in the reaction of 14a with indole 
resulted in the sole production of open-chain derivative 24b (60% yield), probably due 
to an observed competing indole-dimerization[27] mediated by BF3.OEt2.[28]
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Scheme 6. Reactivity of 2-deoxy-2-C-methylene pyranosides 14, in the absence of 
nucleophiles (starting-carbohydrate numbering). 
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Scheme 7. Reaction of 14a with indole mediated by InBr3 leading to indole containing 
derivatives 28 and 29, and reaction of 24b with indole. 
The structural assignment of these compounds was based on the study of their 
NMR (mono- and bidimensional) and mass-spectra. Thus, compounds 28a and 28b 
showed very similar NMR spectra. In the case of 28b a deshielded signal at 7.26 ppm 
(1H-NMR) correlated with a signal at 145.8 ppm (13C-NMR) in an HSQC experiment, and 
were assigned to H-3 and C-3 (carbohydrate numbering), respectively, being part of an 
α,-unsaturated carbonyl system. The corresponding signal for the carbonyl group 
appeared at 179.8 ppm (13C-NMR). The signals for the ”isolated” 2’-CH2 in 28b 
appeared at 21.2 ppm (13C-NMR), and 3.94 ppm and 3.80 ppm as a doblet with Jgem = 
15.3 Hz. On the other hand, the structural assignment of compound 29 (Scheme 7), 
which incorporates two indole moieties and a relevant cyclohepta[b]indole-7-ol 
backbone, was done on the basis of its mass spectra, and NMR data. Thus, no signals 
associated with carbonyl or alkyne groups could be observed in its 13C-NMR spectrum. 
Along this line, the disappearance of the signals corresponding to the alkyne moiety 
(13C-NMR) were accompanied by the appearance of a new signal (6.60 ppm), which 
correlated with a signal at 123.9 in 13C-NMR, and could be assigned to H-1’ and C-1’, 
respectively. The H-2’ protons appeared at 3.11 and 3.21 ppm (Jgem= 15.1 Hz) The α-
orientation of the indol residue could be inferred from the observed coupling constant 
associated to H-3 on 1H-NMR (4.28 ppm, d, J3,4 = 5.9 Hz), which was in agreement with 
that of related compounds 62-(α) and 62-() (Table 2), J3,4 = 5.9 Hz and J3,4 = 8.3 Hz, 
respectively, vide infra. 
Further experimentation, carried out to ascertain the reaction pathway, showed 
that open-chain hydroxy-ketone 24b could be transformed into indole-containing 
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compounds 28b and 29 (Scheme 7), under analogous reaction conditions, probably by 
intermediacy of C-alkynyl ketose intermediate, 30 (see Scheme 8). 
From these results, we have been able to postulate a reaction pathway that can 
accommodate the formation of all the reaction products depicted in Scheme 7 
(Scheme 8). Thus, acid activation of the anomeric OTMS-residue in 14a, could result in 
the generation of a key exo-Ferrier cation intermediate 31 (Scheme 8a), which might 
undergo: i) reaction at C-1 with H2O to give ketose 30, in equilibrium with hydroxy-
ketone 24b; ii) reaction at C-2’ with indole to provide a postulated indolyl glycal 
intermediate 32; or iii) reaction at C-2’ with H2O to furnish C-2 hydroxymethyl 
intermediate 33 (Scheme 8a). The rest of the proposed pathway involves further 
transformations of the aforementioned indolylglycal 32, and hydroxymethyl-glycal 33, 
into open-chain indolyl derivatives 28 (Scheme 8b), and tetracyclic 
cyclohepta[b]indolefused-glycal 29, respectively (Scheme 8c,d). 
In a certain manner, the proposed equilibrium between ringclosed and ring-
opened species 3024b (Scheme 8a), respectively, is reminiscent of the previously 
mentioned equilibrium 2223 (Scheme 5) studied by Ramesh and coworkers.[24] 
However, whereas in the latter case the ring-closed form, 22, is favored over the open-
chain compound 23, in our case the equilibrium must be displaced towards the open-
chain form 24b because of the extended conjugation of the system eneketo-yne, and 
the release of steric factors related to the quaternary anomeric carbon (C-1) in ketose 
30, when compared to aldose 22. 
Accordingly, further activation of the C-3 OBn groups on intermediates 32 and 33 
could result in the formation of C-2-branched Ferrier cations 34 and 36, respectively 
(Scheme 8b,c). Reaction of the former with H2O will produce ketoses 35, from which 
open-chain derivatives 28 could be unveiled (Scheme 8b). A more circuitous route, 
however, needs to be invoked for the formation of tetracyclic cyclohepta[b]indole-
fused-glycal 29 (Scheme 9c,d). Thus, interception of Ferrier cation 36 with indole at C-3 
would lead to bis-branched glycal 37, which could be further activated to give exo-
Ferrier cation 38 (Scheme 8c), that could trap a second indole moiety at C-2’, giving 
raise to 39 (Scheme 8d). We suggest that C-alkynyl glycal 39 might be the precursor of 
tetracyclic derivative 29 by indium tribromide promoted intramolecular Friedel-Crafts 
alkenylation of the indole residue at C-2’. 
In fact, catalysis by indium bromide, in particular,[29] and indium salts, in 
general,[30] has recently being recognized as an efficient method for the alkenylation of 
indoles with alkynes.[31,32] In our opinion, the glycal double bond in the postulated 
intermediate 39, plays a key role facilitating the approach of the indole moiety 
towards the alkyne in the Friedel-Crafts process. Accordingly, in this transformation 
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InBr3 plays a key dual role by i) triggering the Ferrier rearrangement,[33] and ii) 
facilitating the hydroarylation of the alkyne with indole.[29]
Scheme 8. Proposed reaction pathway for the formation of compounds 28 and 29, 
from postulated reaction intermediates 32 and 33, respectively. 
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It is worth mentioning that in the transformation 14  29 (Schemes 7, 8) two 
indole moieties are incorporated to the carbohydrate framework. Additionally, the 
indole at C-2’ functions as a double nucleophile[34] by way of a regioselective 7-endo-
dig cyclization, i.e. 39  29 (Scheme 8d), rather than a 6-exo-dig reaction,[34d,g] The 
second electrophilic substitution at indole takes place at the “non-preferred” C-2 of 
the indole moiety.[35]
In connection with the above-mentioned intramolecular Friedel-Crafts-type 7-
endo-dig cyclization, we decided to study the feasiblility of a related process in open-
chain derivative 28b. Indeed, reaction of 28b in the presence of InBr3 furnished 
tricyclic derivative 40, although in low yield (Scheme 9).  
The structural assignment of tricyclic derivative 40 (Scheme 9) was done on the 
basis of its mass spectra and NMR data. Thus, an olefinic signal appearing at 6.45 ppm 
(singlet), which correlated (HSQC) with a signal at 128.3 ppm (13C-NMR), was ascribed 
to H-1’. Additionally, a correlation was found, in the HMBC spectrum, between H-1’ 
and the indolyl C-2’’’ (132 ppm) that accounted for the new ring formation. On the 
other hand, the H-2’ protons appeared at 3.76 and 3.98 ppm (Jgem= 15.2 Hz). 
Scheme 9. Reaction hydroxy-ketone 28b in the presence of InBr3, leading to 40. 
The InBr3-promoted intramolecular indole-alkenylation protocols (Schemes 7, 
9),[36] described here represent a novel synthetic approach to carbohydrate-fused 
cyclohepta[b]indole moieties in enantiomerically pure form.[37] 
Reaction of ketoside 14a with thiols: Access to polyfunctionalized glycals. 
The Lewis acid catalyzed reaction of thiols with glycals has also drawn special 
attention since it does not relate exactly to that of alcohols (and phenols) in terms of 
regioselectivity. This fact has been linked to the hard/soft character of the S- or O-
nucleophiles and the hard/soft nature of the allylic cations.[14] Thus, C-1 cations in 
compounds 2 and 5 would be considered hard, whereas C-3 and C-2’ will be regarded 
as soft (Scheme 10). Accordingly, reaction of thiols (soft) with the corresponding 
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glycals provide considerable amounts of 3-thio-glycals, i.e. 41, and 2-C-arylthiomethyl 





































Scheme 10. Lewis-acid catalyzed reaction of allylic cations 2 and 5 with alcohols and 
thiols. 
Along these lines, we first studied the reaction of alkynyl glycoside 14a with 
thiophenol, mediated by BF3.OEt2 and InBr3, in CH2Cl2, at different temperatures 
(Scheme 11). Glycoside 14a proved to be highly reactive upon activation with BF3.OEt2
in the presence of thiophenol. Thus, treatment of 14a with thiophenol (15 min) at -78 
oC, yielded open-chain C-2’-thiophenyl derivative 43 in 14% yield, along with open-
chain 24b (20%) (Scheme 11a). Prolonged reaction time (5 h) at -78 oC provided bis-
thiophenylated ketone 44 in 34% yield, as well as a minor amount of 24b (6%) (Scheme 
11b). On the other hand, when the reaction was performed at higher temperature 
(BF3.OEt2, -20 oC), the exclusive formation of polyfunctionalized glycal 45 was observed 
(Scheme 11c). The same compound (45) was also obtained, in good yield, when the 
reaction was mediated by InBr3 at room temperature (Scheme 13d). Interestingly, 
open-chain hydroxy-enone 24b could be transformed into glycal 45 by treatment with 
thiophenol and InBr3 at room temperature (Scheme 11e). 




















































































Scheme 11. Reactions of compounds 14a, and 24b with thiophenol in CH2Cl2 (starting-
carbohydrate numbering). 
An analogous set of reactions using 2-mercapto pyridine (PyrSH), rather than 
thiophenol, as the nucleophile on compounds 14a and 24b produced a similar 
assortment of compounds (Scheme 12a,b,c). Thus, reaction of pyranoside 14a with 
PyrSH mediated by BF3.OEt2 at -20 oC yielded open-chain derivative 46 exclusively 
(Scheme 12a). On the other hand, reaction of 14a mediated by InBr3 yielded a mixture 
of 46, 24b, and C-2’-SPyr glycal 47 (Scheme 12b). Additionally, reaction of open-chain 
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Scheme 12. Lewis-acid mediated reactions of compounds 14a and 24b with 2-
mercapto pyridine (PyrSH) in CH2Cl2. 
Finally, the possibility of a sequential incorporation of two different nucleophiles 
to these systems was demonstrated by the reaction of C-2’-indolyl derivative 28b, with 
PyrSH mediated by BF3.OEt2 (Scheme 14). Thus, PyrSH-addition to the electron-
deficient alkyne moiety took place, under BF3.OEt2 catalysis, to furnish open-chain 
derivative 48, containing an indolyl and a vinyl thioether moieties (Scheme 13). 
Scheme 13. Incorporation of two different nucleophiles.
In light of the results depicted in Schemes 11-13, we have been able to propose a 
pathway for the reaction of glycoside 14a with thiols that involves the intermediacy of 
previously invoked exo-Ferrier cation 31 (Scheme 8a), and encompasses all the isolated 
products [i.e., 43, 44, 45, 46 and 47 (in boxes), Scheme 14]. Accordingly, trapping of 
the thiol-nucleophile by the allylic C-2’ position of 31 would generate a C-2’-
Capítulo 4: Eur. J. Org. Chem. 2018, 5355–5374.
259 
substituted glycal, e.g. 47 (Scheme 13b, Scheme 15), which could experience a 
“second” Ferrier rearrangement to furnish an intermediate allylic cation 49, able to 
trap H2O at C-1 to yield a C-alkynyl ketose intermediate 50, from which hydroxy ketone 
43 could be unveiled (Scheme 11a, Scheme 14). The latter, containing electron-
deficient alkyne and alkene moieties could experience a “preferred” Lewis acid-
promoted thia-Michael addition to the electron-deficient alkyne to yield vinyl 
sulphides 44 (Scheme 12b) and 46 (Scheme 13a,b,c),[38] followed by a second Lewis 
acid-promoted thia-Michael addition to the α,-unsaturated ketone system[39] to yield 
a postulated tri-thiolated intermediate 51, from which compound 45 (Scheme 13c,d,e) 
could arise by ring closure to a C-alkenyl ketose followed by elimination to give the 
conjugated glycal 45 (Scheme 15). Furthermore, the absence of a trithiolated 
derivative in the reaction of 14a with PyrSH as the nucleophile (45, R=SPyr) might be 
related with the attenuated acidity of the reaction media, owing to the presence of an 
excess of PyrSH,[40] which could prevent the elimination process from the above-
mentioned C-alkenyl ketose to the glycal. 
An alternate route to compound 45 by reaction (at C-3) of Ferrier-type cation 49 
with thiophenol could not be ruled out.[14a] However, in our opinion, the presence of 
the vinyl sulphide moiety in 45 could be better explained by a facile thia-Michael 
addition to an open-chain electron-deficient alkyne (as in 28b  48, Scheme 13), than 
by thiol addition to an unactivated C-alkynyl moiety (as in compound 47, Scheme 14). 
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Scheme 14. Proposed reaction pathway accounting for all the isolated compounds (in 
boxes) in the reaction of 14a with arylthiols mediated by InBr3 or BF3.OEt2.
Reactivity of Ferrier-Nicholas ketoside 15a, under Acid Catalysis in the Absence of 
External Nucleophiles. 
In line with our previous studies on the behavior of Nicholas-cations, compound 
15a displayed a reactivity pattern different to that of their non-cobaltated analogs 
14.[23b,41] Thus, reaction of 15a in the presence of InBr3 yielded open-chain derivative 
52a along with 1,6-anhydro-2,3-dideoxy-2-C-methylene pyranose 53 (Table 1, entry i). 
When the reaction was performed with BF3.OEt2 as catalyst (1.2 equiv., -20 oC), three 
compounds were obtained (Table 1, entry ii): compound 52a,[42] an additional open-
chain derivative 54, and 1,6-anhydro pyranose 53, this time as the major isomer. 
Compounds 53 and 54 shared the presence of a deoxygenated C-3 position and the 
lack of the benzyl group at O-6. When an analogous reaction was carried out in the 
presence of 4A molecular sieves (Table 1, entry iii), the amount of open-chain 
derivative 52a could be reduced to 6%; 1,6-anhydro derivative 53 was still the major 
isomer (34%), but an increase in the formation of 3-deoxy open-chain derivative 54, 
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could be observed (27%). Finally, the presence of H2O in the reaction media had a 
beneficial influence in the formation of 1,6-anhydro pyranose 53, which could then be 
obtained in 48% yield (Table 1, entry iv). 
Table 1. Acid-mediated transformations of 15a. 
Entry Acid Reaction conditions 52a 53 54 
i InBr3 
1.0 equiv. 
r.t., 1 h 49 % 49 % - 
ii BF3.Et2O 
2.0 equiv. 
-20 ºC, 15 h 10 % 39 % 14 % 
iii BF3.Et2O 
2.0 equiv. 
-20 ºC, 15 h 
4 Å mol. sieves 
6 % 34 % 27 % 
iv BF3.Et2O 
2.0 equiv. 
r.t., 2 h 
H2O, 4 equiv. 
9 % 48 % 20 % 
From the results in Table 1, and in accordance with our previous study on the 
behavior of related Ferrier-Nicholas systems,[23b] we have postulated a reaction 
pathway that could accommodate the formation of isolated compounds, 52a-54 
(Scheme 15). Accordingly, acid-activation of the anomeric trimethylsilyloxy group in 
15a would produce allylic Ferrier-Nicholas cation 31, which could react with 
adventitious H2O either at C-1 or at C-2’. Reaction at C-1, would produce the 
corresponding ketose (15a, OH), and thence open-chain hydroxy-aldehyde 52a, 
whereas reaction at C-2’ would lead to allylic silyloxy (or C-2’-hydroxymethyl) glycal 56. 
The latter, by activation of its C-3 substitutent,[43] could experience a Ferrier 
rearrangement to give Ferrier-Nicholas cation 57 that, in line with our previous 
observations,[23b] could experience a 1,6-hydride transfer generating oxocarbenium ion 
58. Hydrolysis of this species, rather than Prins cyclization,[23b] would originate the 3-
deoxy-6-hydroxy derivative 59. The latter upon acid-activation would generate Ferrier-
Nicholas cation 60, from which the formation of 1,6-anhydro pyranose 53, or open-
chain 3-deoxy derivative 54, could take place either by intramolecular-glycosylation or 
hydrolysis, respectively. 
We suggest that the use of mild InBr3 produces predominant hydrolysis of 15a 
leading to open-chain compound 52a as the major product (Table 1, entry i). The 
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utilization of more potent BF3.OEt2 must favor the formation of the cascade of cations 
55, 58, 60, resulting in the formation of derivatives 53 and 54 as major isomers, with 
the former prevailing (Table 1, entry ii). The use of molecular sieves caused a drastic 
reduction in the formation of open-chain derivative 52a by hydrolysis, although it 
produced a higher amount of 3-deoxy open-chain derivative 54, even though cyclic 
derivative 53 remained the preferred isomer (Table 1, entry iii). Finally, the counter-
intuitive, beneficial, effect of added H2O to the reaction media in the formation of 
compounds 53 and 54 (rather than 52a) (Table 1, entry iv), might be related with 
several issues.[44] The presence of H2O facilitates the formation of intermediate 
hydroxy-derivatives [Scheme 15, (OH)] more reactive than the corresponding silylated 
compounds [Scheme 15, (OTMS)] and additionally, it might favor the different 
equilibria processes where H2O is involved (e.g, 55  52a; 55  56; 60  61, Scheme 
15) thus, indirectly favoring the irreversible reactions in the process, i.e.: i) hydrolysis 
of oxocarbenium species 58 leading to 6-hydroxy derivative 59, and ii) 1,6-anhydro 
sugar 53 formation from cation 60 (Scheme 15).[44]
Scheme 15. Proposed reaction pathway for the formation of compounds 52a, 53 and 
54, from 15a. 
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Reactions of Ferrier-Nicholas ketosides 15, with Heteroarenes under Lewis Acid 
Catalysis. 
Table 2. Acid-mediated reactions of 15a,c with indole. 
Entry 15 Acid Reaction conditions 62-(α) 62-() 52 
i 15a 



























































[a] Unreacted 15a (18%) could be recovered from the reaction mixture. 
We have also examined the reaction of glycoside 15 with indole in the presence of 
BF3.OEt2 and InBr3, and our results are depicted in Table 2. The reaction of 15a with 
indole in a BF3.OEt2-mediated process provided bis-indolyl glycal 62a-(α) (1H-NMR, 4.05 
ppm, d, J3,4 = 5.4 Hz, H-3; 4.23 ppm, dd, J4,3 = 5.4 Hz, J4,5 = 9.9 Hz, H-4) as the sole 
reaction product, although in moderate yield (Table 2, entry i) that could not be 
increased even with the use of a larger excess of acid catalyst and indole (Table 2, 
entry ii). On the other hand, the use of InBr3 as catalyst produced a mixture of C-3 α- 
and -epimers 62a-(α) and 62a-() (1H-NMR, 3.67 ppm, d, J3,4 = 8.3 Hz, H-3; 3.98-4.07 
ppm, J4,3 = 8.3 Hz, J4,5 = 7.2 Hz, H-4) (Table 2, entries iii, iv), along with open-chain 
hydroxy-ketone 52a. The amount of 52a could be reduced by the presence of 4A 
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molecular sieves (m.s.) in the reaction media (compare Table 2, entries iii and iv). 
Similar results were obtained in the reaction of TMS-acetylene derivative 15c, with 
thiophenol when InBr3 was used as catalyst (Table 2, entry v) leading to a mixture of 
(α- and -) epimeric 62c [62c-(a): 1H-NMR, 3.97 ppm, d, J3,4 = 5.4 Hz, H-3; 4.14 ppm, dd, 
J4,3 = 5.4 Hz, J4,5 = 9.9 Hz, H-4; 62c-(b): 1H-NMR, 3.63 ppm, d, J3,4 = 8.4 Hz, H-3; 4.20 
ppm, dd, J4,3 = 8.4 Hz, J4,5 = 9.6 Hz, H-4], and open-chain derivative 52c. The preference 
for the observed a-orientation of the incoming indole at low temperature (-20 oC, 
Table 2, entries i, ii), is in accordance with previous results on the reaction of related 
hexacarbonyl dicobalt alkynyl glycals.[23b] 
The formation of compounds 62a (α- and -) from hydroxy-ketone 52a, could 
indeed be ruled ruled out since, in a separate experiment, treatment of 52a with 
indole (2.2 equiv.) and InBr3 (1.0 equiv.) in CH2Cl2 at room temperature left compound 
52a unaffected. 
Along these lines, to assess the scope of the Lewis-acid catalyzed reaction of 
glycals 15, with hetaryl nucleophiles, we examined the use of pyrrole and N-methyl 














































Figure 2. Bis-heteroarylated glycals, 63 and 64 by reaction of glycal 15a with pyrrole 
and N-methyl-indole in the presence of Lewis-acids. 
In the case of pyrrole, InBr3 proved to be a better catalyst than BF3.OEt2 in the 
synthesis of bis-pyrrole derivatives 63 (32% versus 15%, overall yield, respectively, 
Figure 2a). Unlike the case of indoles, the C-3 -indol epimer 63-() was the major 
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observed isomer. The reaction of 15c witn N-methyl indole mediated by InBr3 provided 
a C-3 epimeric mixture of the bisindolyl derivatives 64, although the b-isomer prevailed 
this time (Figure 2b). Conversely, reaction of 15c with aniline, a bidentate nucleophile 
employed in related studies by the Yadav’s group,[45] under InBr3 catalysis, left the 
starting material unchanged. 
Reactions of Ferrier-Nicholas ketosides 15, with thiophenol under Lewis acid 
catalysis. 
We next evaluated the use of thiophenol as the nucleophile in the Lewis acid 
catalyzed reaction of Ferrier-Nicholas glycals 15 (Table 3). Thus, the reaction of 15a 
with PhSH mediated by BF3.OEt2 at low temperature (-78 oC), in an attempt to halt the 
reaction after the first (C-2’) thiophenyl addition (see Scheme 12a), produced bis-
thiophenyl glycal 65a-(α) (1H-NMR, 4.49-4.42 ppm, J3,4 = 4.4 Hz, H-3; 4.22 ppm, dd, J4,3
= 4.4 Hz, J4,5 = 10.1 Hz, H-4), along with unreacted starting material 15a (43% yield) 
(Table 3, entry i). The former glycal could be obtained as the sole reaction product 
when the reaction was carried out at higher temperature (-20 oC, Table 3, entry ii). The 
use of a silyl, rather than a phenyl, substituent at the alkynyl glycal in 15c, had hardly 
any effect in the outcome of the reaction, and glycal 65c-(α) (1H-NMR, 4.48-4.43 ppm, 
J3,4 = 4.4 Hz, H-3; 4.10-4.04 ppm, J4,3 = 4.4 Hz, J4,5 = 10.2 Hz, H-4) was the only reaction 
product observed when BF3.OEt2 was used as catalyst (Table 3, entry iii). The use of 
InBr3 as the catalyst in the reaction of 15a produced an inseparable mixture of 
epimeric (C-3) bis-thiophenyl glycals 65a-(α) and 65a-(), with the former prevailing 
(Table 3, entry iv). It is worth mentioning that Nicholas-type cobalt complexes can be 
decomplexed under a variety of conditions.[20g] Thus, whereas oxidative conditions 
yield the parent alkyne, the use of reductive conditions might lead to an alkene. 
In our case, we attempted several oxidative reaction conditions for 
decomplexation: ceric ammonium nitrate, trimethylamine N-oxide in tetrahydrofuran, 
and tetrabutylammonium fluoride (TBAF) in tetrahydrofuran. In our hands, TBAF gave 
better yields on the oxidative decobaltation of glycal 65a-(α). When the mixture 
reported in Table 3, entry iv, was treated with TBAF, the pure α-epimer 66-(α) could be 
obtained after column chromatography (Scheme 16). The minor isomer 66-() was also 
observed although an analytically pure sample could not be obtained. 
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Table 3. Acid-mediated reactions of 15a,c with thiophenol. 
Entry 15 Acid Reaction conditions 65-(α) 65-() 
i 15a 
R1 = Ph 
BF3.Et2O 
2.0 equiv. 
PhSH (2.5 equiv.) 





R1 = Ph 
BF3.Et2O 
2.0 equiv. 
PhSH (2.5 equiv.) 





R1 = TMS 
BF3.Et2O 
2.0 equiv. 
PhSH (2.2 equiv.) 





R1 = Ph 
InBr3 
1.0 equiv. 
PhSH (2.2 equiv.) 





[a] Unreacted 15a (18%) could be recovered from the reaction mixture. 
Scheme 16. Decobaltation of C-3 epimeric compounds 65a leading to C-alkynyl glycal 
66-(α). 
In summary, the incorporation of two nucleophiles to the Ferrier-Nicholas 
pyranosidic system 15 to generate the bis-functionalized compounds 62-65, must 
involve the sequential formation of two different vinylogous Nicholas cations (cations 
generated from dicobalt complexes arising from propargyl-allyl ether derivatives),[46,47] 
e.g. A, B, (Scheme 17), each one reacting at the γ-rather than at the α-position, with 
the external nucleophiles to provide bis-functionalized species C (Scheme 17).[48]
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Scheme 17. Postulated vinylogous Nicholas cations A and B, as intermediates in the 
formation of bis-functionalized glycals C, from 15a. 
Conclusion 
We have designed a new system for Ferrier-like reactions: 1-C-alkynyl-2-deoxy-2-
C-methylene pyranosides, i.e. 14, that can easily be transformed into their 
hexacarbonyldicobalt-alkynyl analogues, i.e. 15, ready precursors of novel Ferrier-
Nicholas cations. These derivatives can be accessed by an efficient synthetic route 
from commercially available tri-O-acetyl-D-glucal (16), and undergo efficient 
transformations into a variety of derivatives with skeletal and functional diversity. 
Thus, open-chain derivatives, e.g. 24, 28a, can be accessed by hydrolysis of 14, 
whereas base treatment of 24 led to 1,2-dideoxy-2-C-branched pyranosides, e.g. 25, by 
intramolecular Michael type O-addition, which could be further transformed into ∆-2,3 
unsaturated derivatives, e.g. 27. On the other hand, acid treatment of alkynyl dicobalt 
hexacarbonyl derivatives 15, might lead to 3-deoxy-1,6-anhydropyranosides, e.g. 29, as 
major isomers, as well as to open-chain 3-deoxy derivatives, e.g. 30, in variable 
amounts. An interesting tetracyclic derivative including a cyclohepta[b]indole-fused-
glycal containing a pending indole moiety, i.e. 40, can be obtained, in useful amounts, 
by InBr3 catalyzed reaction of 14a in the presence of indole. A proposed reaction 
pathway to 40, that accounts for the observed isolated intermediates would include a 
double Ferrier rearrangement (entry of indole as a nucleophile at C-3 and C-2’) 
followed by an intramolecular Friedel-Crafts-type 7-endo-dig cyclization, also mediated 
by InBr3. The use of thiols as nucleophiles in Lewis-acid catalyzed reactions of 14, 
allows access to tris-thioarylated glycals, e.g. 56, 58, in synthetically useful amounts. 
Finally, the reaction of “Ferrier-Nicholas” substrates 15 with hetaryl and thiol 
nucleophiles in the presence of Lewis-acids granted access to C-2’, C-3-bis-
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functionalized glycals. This transformation takes place by sequential reaction of two 
different vinylogous Nicholas cations with the corresponding nucleophiles. 
Experimental Section 
1. General Methods. All chemicals were reagent-grade and were used as supplied 
unless stated otherwise. All moisture-sensitive reactions were performed in dried 
glassware fitted with glass stoppers or rubber septa under a positive pressure of argon. 
Air- and moisture-sensitive liquids and solutions were transferred by syringe or 
stainless steel cannula. Technical grade anhydrous MgSO4 or Na2SO4 were used to dry 
organic solutions during workup, and evaporation of the solvents was performed 
under reduced pressure using a rotary evaporator. Flash column chromatography was 
performed using 230–400 mesh silica gel. Thin-layer chromatography was conducted 
on Kieselgel 60 F254 (Merck). Spots were observed first under UV irradiation (254 nm) 
then by charring with a solution of 20 % aqueous H2SO4 (200 mL) in AcOH (800 mL). 1H 
and 13C NMR spectra were recorded in CDCl3 at 300, 400 or 500 and 75, 100 or 125 
MHz, respectively. Chemical shifts (δ) are reported in ppm relative to residual solvent 
peaks. The multiplicities are reported as: s = singlet, br = broad singlet, d = doublet, t = 
triplet, q = quartet, m = multiplet. Mass spectra were recorded by direct injection with 
a mass spectrometer Agilent 6250 Accurate Mass Q-TOF LC/MS equipped with an 
electrospray ion source in positive mode. Starting glycals 17a and 17b were prepared 
according to described procedures.[49] 
2. Synthesis of the starting alkynyl derivatives 14 and 15. 
2.1 General method for the preparation of 2-C-formylglycals 18. Under an argon 
atmosphere, phosphorous oxychloride (3.0 equiv.) was dissolved in anhydrous DMF, 
cooled to 0 oC and stirred for 10 min at the same temperature. A solution of the 
corresponding glycal 17, in dry DMF was then added dropwise. After stirring for 1 h, 
the reaction mixture was slowly warmed up to room temperature (r.t.) and stirred 
overnight. The reaction crude was diluted with diethyl ether, hydrolyzed by careful 
addition of saturated aqueous solution of NaHCO3, and the aqueous layer re-extracted 
with diethyl ether. The combined organic phases were washed with brine, dried, 
filtered and evaporated under reduced pressure. The resulting crude material was 
purified by flash chromatography. 
3,4,6-Tri-O-Benzyl-2-formyl-D-glucal 18a.[50] This compound was prepared according 
to the general procedure from benzylated glycal 17a (5.3 g, 12 mmol). Silica gel 
chromatography (hexane/ethyl acetate 7:3) provided pure 18a (3.4 g, 60%) as a white 
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solid, which gave satisfactory spectral and analytical data comparable with the 
literature values.[50]
3,4,6-Tri-O-Allyl-2-formyl-D-glucal 18b. This compound was prepared according to the 
general procedure from allylated glycal 17b (3.5 g, 13.1 mmol). Silica gel 
chromatography (hexane/ethyl acetate 8:2) provided pure 18b as a colorless oil (2.3 g, 
61%). 1H NMR (400 MHz, CDCl3) δ: 9.37 (s, 1H), 7.37 (s, 1H), 5.96 – 5.79 (m, 3H), 5.31 – 
5.12 (m, 6H), 4.68 (ddt, J = 8.3, 4.3, 2.0 Hz, 1H), 4.28 (t, J = 2.4 Hz, 1H), 4.13 (ddt, J = 
5.9, 4.4, 1.5 Hz, 2H), 4.07 (ddt, J = 5.8, 2.9, 1.4 Hz, 2H), 4.01 (tt, J = 5.7, 1.4 Hz, 2H), 3.83 
(t, J = 2.4 Hz, 1H), 3.75 (dd, J = 10.8, 7.8 Hz, 1H), 3.61 (dd, J = 10.8, 4.5 Hz, 1H); 13C NMR 
(101 MHz, CDCl3) δ: 190.4, 164.5, 134.9, 134.3 134.1, 118.2, 117.73, 117.70, 117.0, 
79.6, 72.4, 71.3, 71.1, 71.0, 68.5, 65.0; HRMS (ESI+) calcd for [C16H22O5+Na]+: 
317.13594; found: 317.13574. 
2.2. General method for the preparation of 2-C-acetoxymethyl glycals 19. A solution of 
the corresponding 2-C-formyl-glycal in ethanol was treated with NaBH4. The reaction 
mixture was stirred for 20 minutes. After addition of water, the reaction crude was 
extracted with CH2Cl2. The combined organic layers were dried, filtered and 
evaporated under reduce pressure. The residue was directly dissolved in dry CH2Cl2
and treated with Ac2O, Et3N and DMAP and the solution was stirred for 3 h at room 
temperature. The mixture was diluted with CH2Cl2, and washed successively with 2N
HCl, satd NaHCO3 and water. The organic layer was evaporated under vacuo and 
purified by column chromatography.
2-Acetoxymethyl- 3,4,6-tri-O-benzyl-D-glucal 19a.[51] This compound was prepared 
according to the general procedure from benzylated glycal 18a (1.02 g, 2.3 mmol). 
Silica gel chromatography (hexane/ethyl acetate 8:2) provided pure 19a (900 mg, 80%) 
as a colorless oil. This material gave satisfactory spectral and analytical data 
comparable with the literature values.[51]
2-Acetoxymethyl-3,4,6-tri-O-allyl-D-glucal 19b. This compound was prepared 
according to the general procedure from allylated glycal 18b (1.56 g, 5.3 mmol). Silica 
gel chromatography (hexane/ethyl acetate 95:5) provided pure 19b (1.51 g, 84%) as a 
colorless oil. 1H NMR (400 MHz, CDCl3) δ: 6.52 (s, 1H), 5.98 – 5.82 (m, 3H), 5.32 – 5.22 
(m, 3H), 5.17 (m, 3H,), 4.62 (dt, J = 12.0, 0.8 Hz, 1H), 4.46 (d, J = 12.0 Hz, 1H), 4.25 – 
4.13 (m, 3H), 4.15 – 4.03 (m, 2H), 4.04 – 3.98 (m, 3H), 3.76 (dd, J = 7.1, 5.4 Hz, 1H), 
3.71 (dd, J = 10.7, 5.4 Hz, 1H), 3.65 (dd, J = 10.7, 3.6 Hz, 1H), 2.03 (s, 3H); 13C NMR (101 
MHz, CDCl3) δ: 171.1, 145.6, 134.8, 134.7, 134.5, 117.39, 117.36, 117.1, 108.4, 76.8,
74.4, 73.7, 72.5, 72.3, 71.6, 68.1, 62.5, 21.3. HRMS (ESI+) calcd for [C18H26O6+Na]+: 
361.16216; found: 361.16115. 
2.3 General method for the conversion of allyl acetates 19 to lactones 20.[18b] A solution 
of the corresponding allylic acetate in dry CH2Cl2 was cooled to -65 oC in the presence 
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of 4A molecular sieves. m-CPBA (2.0 equiv.) and BF3.OEt2 (1.0 equiv.) were then added 
and the resulting mixture was stirred for about 1 h until reaction was complete (TLC
monitoring). The crude reaction mixture was quenched with 10% Na2S2O4 aqueous 
solution and brought to r.t. The aqueous layer was re-extracted with CH2Cl2 and the 
combined organic layers were washed with aqueous NaHCO3 and brine, dried, filtered 
and evaporated under reduced pressure. The resulting crude material was purified by 
flash chromatography.
2-C-Methylene-lactone 20a. This compound was prepared according to the general 
procedure from benzylated glycal 19a (298 mg, 0.6 mmol). Silica gel chromatography 
(hexane/ethyl acetate 65:35) provided pure 20a (267 mg, 98%) as a colorless oil. This 
material gave satisfactory spectral and analytical data, comparable with the literature 
values.[52]
2-C-Methylene-lactone 20b. This compound was prepared according to the general 
procedure from benzylated glycal 19b (1.25 g, 3.7 mmol). Silica gel chromatography 
(hexane/ethyl acetate 65:35) provided pure 20a (970 mg, 89%) as a colorless oil. 1H 
NMR (500 MHz, CDCl3) δ: 6.50 (s, 1H), 5.98 – 5.83 (m, 4H), 5.33 – 5.25 (m, 3H), 5.24 – 
5.16 (m, 3H), 4.29- 4.22 (m, 2H), 4.21 – 4.14 (m, 4H), 4.10 – 3.99 (m, 2H), 3.82 (t, J = 7.4 
Hz, 1H), 3.74 (m, 2H); 13C NMR (126 MHz, CDCl3) δ: 164.9, 134.7, 134.4, 134.2, 134.1, 
129.9, 117.84, 117.79, 117.4, 79.1, 78.7, 75.4, 72.7, 72.6, 71.5, 68.6; HRMS (ESI+) calcd 
for [C16H22O5+H]+ = 295.1540; found: 295.1539. 
2.4. General method for the addition of alkynyl residues to lactones 20. A flame-dried 
25 mL round bottom flask equipped with a stir bar and argon inlet was charged with a 
solution of the corresponding alkyne (3.0 equiv.) in dry THF (2 mL/mmol). The reaction 
was cooled to -78 oC, and then treated with n-butyllithium (3.05 equiv.). After 30 
minutes at -78 oC, a solution of the corresponding lactone 20 in dry THF (4 mL/mmol) 
was added, and the reaction mixture was kept at that temperature until it was 
complete, then trimethylsilyl chloride (5.0 equiv.) was added. After warming to r.t., the 
mixture was stirred for 30 min. The crude reaction mixture was diluted with diethyl 
ether and quenched with water. The aqueous layer was re-extracted with diethyl ether 
and the combined organic layers were washed with brine, dried, filtered and 
evaporated under reduced pressure. The resulting crude material was purified by flash
chromatography.
Compound 14a. This compound was prepared according to the general procedure 
from lactone 20a (1.5 g, 3.4 mmol) and phenylacetylene (1.11 mL, 10.11 mmol). Silica 
gel chromatography (hexane/ethyl acetate 95:5) provided pure 14a (1.35 g, 65%). 1H 
NMR (400 MHz, CDCl3) δ: 7.43 – 7.37 (m, 4H), 7.36 – 7.26 (m, 14H), 7.27 – 7.20 (m, 2H), 
5.56 (s, 1H), 5.35 (t, J = 1.8 Hz, 1H), 4.92 (d, J = 10.8 Hz, 1H), 4.83 (d, J = 11.5 Hz, 1H), 
4.74 (d, J = 11.5 Hz, 1H), 4.63 – 4.57 (m, 2H), 4.54 (d, J = 12.2 Hz, 1H), 4.49 (dt, J = 9.2, 
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2.0 Hz, 1H), 4.06 (ddd, J = 9.7, 4.3, 2.0 Hz, 1H), 3.78 (dd, J = 10.8, 4.3 Hz, 1H), 3.72 (dd, J 
= 10.8, 2.0 Hz, 1H), 3.61 (t, J = 9.4 Hz, 1H), 0.31 (s, 9H); 13C NMR (101 MHz, CDCl3) δ: 
145.2, 138.5, 138.4, 138.3, 131.9, 129.1, 128.6, 128.5, 128.43, 128.40, 128.3, 128.1, 
127.9, 127.8, 127.6, 121.8, 107.7, 93.1, 87.2, 87.1, 81.8, 79.9, 75.2, 74.4, 73.4, 73.3, 
69.4, 1.8. HRMS (ESI+) calcd for [C39H42O5Si+NH4]+ = 636.3140; found: 636.3120.
Compound 14b. This compound was prepared according to the general procedure 
from lactone 20b (262 mg, 0.89 mmol) and phenyl acetylene (290 μL, 2.67 mmol). 
Silica gel chromatography (hexane/ethyl acetate 95:5) provided pure 14b (193 mg, 
46%). 1H NMR (400 MHz, CDCl3) δ: 7.45 – 7.41 (m, 2H), 7.38 – 7.29 (m, 3H), 6.04 – 5.84 
(m, 3H), 5.49 (t, J = 1.9 Hz, 1H), 5.36 – 5.28 (m, 2H), 5.26 – 5.23 (m, 2H), 5.21 – 5.13 (m, 
3H), 4.37 (ddt, J = 12.3, 5.9, 1.4 Hz, 1H), 4.29 (dt, J = 9.3, 2.1 Hz, 1H), 4.29 – 4.19 (m, 
1H), 4.21 – 4.10 (m, 2H), 4.10 – 4.02 (m, 2H), 3.98 (ddd, J = 9.8, 4.2, 2.6 Hz, 1H), 3.76 – 
3.65 (m, 2H), 3.36 (t, J = 9.5 Hz, 1H), 0.28 (s, 9H, -OTMS); 13C NMR (101 MHz, CDCl3) δ: 
145.4, 135.12, 135.09, 135.0, 131.9, 129.1, 128.5, 121. 9, 117.12, 117.09, 116.8, 107.4, 
93.0, 87.3, 87.1, 81.3, 79.8, 74.3, 74.1, 72.4, 69.4, 1.8. HRMS (ESI+) calcd for
[C27H36O5Si+Na]+ = 491.22242; found: 491.22196.
Compound 14c. This compound was prepared according to the general procedure 
from lactone 20a (1.41 g, 3.17 mmol) and trimethylsilylacetylene (13.3 mL, 9.51 
mmol). Silica gel chromatography (hexane/ethyl acetate 95:5) provided pure 14c (644 
mg, 33%). 1H NMR (400 MHz, CDCl3) δ: 7.42 – 7.38 (m, 2H), 7.36 – 7.27 (m, 11H), 7.28 –
7.19 (m, 2H ), 5.49 (t, J = 1.6 Hz, 1H), 5.30 (t, J = 1.7 Hz, 1H), 4.90 (d, J = 10.8 Hz, 1H), 
4.79 (d, J = 11.6 Hz, 1H), 4.69 (d, J = 11.6 Hz, 1H), 4.61 – 4.54 (m, 2H), 4.52 (d, J = 12.2 
Hz, 1H), 4.38 (dt, J = 9.3, 2.1 Hz, 1H), 3.95 (ddd, J = 9.6, 4.4, 2.0 Hz, 1H), 3.75 (dd, J = 
10.9, 4.3 Hz, 1H), 3.68 (dd, J = 10.8, 2.0 Hz, 1H), 3.55 (t, J = 9.5 Hz, 1H), 0.26 (s, 9H), 
0.16 (s, 9H); 13C NMR (101 MHz, CDCl3) δ: 145.0, 138.6, 138.5, 138.4, 128.6, 128.5 
128.4, 128.3, 128.0, 127.9, 127.8, 127.6, 107.7, 103.0, 92.4, 92.3, 81.7, 79.9, 75.2, 74.2, 
73.3, 73.2, 69.3, 1.8, -0.2. HRMS (ESI+) calcd for [C36H46O5Si2+NH4]+ = 632.3222; found: 
632.3229. 
2.5. General method for the preparation of cobalt-complexed alkynes 15. A solution of 
Co2(CO)8 (1.2 equiv.) in anhydrous CH2Cl2 (1 mL/mmol) was added to a solution of the 
corresponding alkyne 14 in CH2Cl2 (10 mL/mmol). The resulting dark solution was 
stirred at room temperatura until TLC showed complete formation of the complex (ca. 
2 h). The solvent of the resulting reaction mixture was then removed under vacuum, 
and the residue was purified by flash chromatography.
Dicobalt hexacarbonyl-complexed alkyne 15a. This compound was prepared 
according to the general procedure from alkyne 14a (74.4 mg, 0.12 mmol). Silica gel 
chromatography (hexane/ethyl acetate 95:5) provided pure 15a (100 mg, 92%). 1H 
NMR (400 MHz, CDCl3) δ: 7.42 – 7.35 (m, 2H), 7.34 – 7.27 (m, 11H), 7.23 – 7.19 (m, 2H), 
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7.10 – 7.06 (m, 2H), 5.61 (t, J = 2.0 Hz, 1H), 5.50 (t, J = 2.0 Hz, 1H), 4.80 (d, J = 11.8 Hz, 
1H), 4.58 (d, J = 10.9 Hz, 1H), 4.52 (m, 2H), 4.46 (d, J = 10.9 Hz, 1H), 4.40 (d, J = 11.9 Hz, 
1H), 4.12 (dt, J = 9.5, 2.2 Hz, 1H), 3.77 (t, J = 9.6 Hz, 1H), 3.71 (dd, J = 10.3, 2.6 Hz, 1H), 
3.63 (dt, J = 9.8, 2.2 Hz, 1H), 3.58 (dd, J = 10.2, 1.8 Hz, 1H), 0.22 (s, 9H); 13C NMR (101 
MHz, CDCl3) δ: 199.9, 147.1, 139.2, 138.8, 138.4, 138.2, 130.1,128.7, 128.5, 128.3, 
128.2, 128.0, 127.8, 127.7, 127.5, 127.2, 126.9, 111.3, 104.8, 101.2, 93.3, 81.3, 78.5, 
73.9, 73.8, 73.6, 73.4, 68.5, 1.8. HRMS (ESI+) calcd for [C45H42Co2O11Si+NH4]+ = 
922.1499; found: 922.1475.
Dicobalt hexacarbonyl-complexed alkyne 15b. This compound was prepared 
according to the general procedure from alkyne 14b (129.8 mg, 0.277 mmol). Silica gel 
chromatography (hexane/ethyl acetate 9:1) provided pure 15b (169.4 mg, 81%). 1H 
NMR (400 MHz, CDCl3) δ: 7.40 – 7.28 (m, 5Hr), 5.92 – 5.74 (m, 3H), 5.52 (t, J = 2.1 Hz, 
1H), 5.38 (t, J = 2.1 Hz, 1H), 5.27 – 5.16 (m, 2H), 5.14 – 4.99 (m, 4H), 4.22 – 4.18 (m, 
1H), 4.09 – 3.90 (m, 5H), 3.87 (ddt, J = 8.1, 4.5, 1.9 Hz, 1H), 3.60 (dd, J = 10.4, 2.0 Hz, 
1H), 3.51 – 3.43 (m, 3H), 0.19 (s, 9H, -OTMS); 13C NMR (101 MHz, CDCl3) δ: 199.7, 
147.4, 138.7, 135.4, 135.0, 134.9, 130.1, 128.7, 127.6, 116.9, 116.4, 115.3, 111.3, 
104.8, 101.2, 93.1, 80.5, 78.2, 76.6, 73.6, 72.8, 72.7, 72.2, 68.4, 1.7. HRMS (ESI+) calcd 
for [C33H36Co2O11Si+H]+ = 755.07636; found: 755.07594.
Dicobalt hexacarbonyl-complexed alkyne 15c. This compound was prepared 
according to the general procedure from alkyne 14c (158 mg, 0.26 mmol). Silica gel 
chromatography (hexane/ethyl acetate 98:2) provided pure 15c (216.7 mg, 94%). 1H 
NMR (400 MHz, CDCl3) δ: 7.35 – 7.26 (m, 13H), 5.55 (t, J = 2.0 Hz, 1H), 5.46 (t, J = 2.0 
Hz, 1H), 4.98 (d, J = 11.7 Hz, 1H), 4.75 – 4.62 (m, 3H), 4.51 (d, J = 11.9 Hz, 1H), 4.43 – 
4.34 (m, 2H), 3.90 – 3.85 (m, 2H), 3.83 (dd, J = 10.6, 1.8 Hz, 1H), 3.57 (d, J = 10.6 Hz, 
1H), 0.40 (s, 9H), 0.18 (s, 9H); 13C NMR (101 MHz, CDCl3) δ: 200.7, 146.8, 139.3, 138.5, 
138.2, 128.6, 128.44, 128.38, 128.1, 128.0, 127.7, 127.6, 127.5, 127.2, 113.7, 111.0, 
101.5, 81.5, 79.0, 74.9, 74.3, 73.53, 73.50, 68.5, 2.5, 1.8. HRMS (ESI+) calcd for 
[C42H46Co2O11Si2+Na]+ = 923.1135; found: 923.1142. 
3. Reactivity of glycosides 14, under acid or basic media, in the absence of external 
nucleophiles. 
Reaction of 14a with InBr3. A solution of 14a (67 mg, 0.11 mmol) in dry CH2Cl2 (5 mL) 
was treated with InBr3 (38.4 mg, 0.11 mmol). The mixture was stirred for 15 min, and 
then quenched with saturated aqueous NaHCO3. The layers were separated, the 
aqueous layer was extracted with CH2Cl2 and the combined organic layers were 
washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The crude 
product was then purified by silica gel chromatography (hexane/ethyl acetate 8:2) to 
provide open-chain derivatives 24a (9.3 mg, 14%) and 24b (34.1 mg, 58%). 
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For 24a: 1H NMR (500 MHz, CDCl3) δ: 7.64 – 7.60 (m, 2H), 7.50 – 7.45 (m, 1H), 7.43 – 
7.38 (m, 2H), 7.36 – 7.27 (m, 10H), 7.26 – 7.20 (m, 3H), 7.20 – 7.16 (m, 2H), 6.76 (d, J = 
1.1 Hz, 1H), 6.44 (d, J = 1.1 Hz, 1H), 4.82 (d, J = 2.8 Hz, 1H), 4.52 – 4.47 (m, 4H), 4.44 (d, 
J = 11.2 Hz, 1H), 4.37 (d, J = 11.4 Hz, 1H), 4.15 (td, J = 6.2, 2.3 Hz, 1H), 3.75 – 3.70 (m, 
2H), 3.59 (dd, J = 10.1, 5.8 Hz, 1H), 0.12 (s, 9H, -OTMS); 13C NMR (126 MHz, CDCl3) δ: 
179.0, 146.3, 138.5, 138.3, 138.1, 133.5, 133.1, 130.9, 128.8, 128.5, 128.43, 128.38, 
128.35, 128.1, 128.0, 127.73, 127.69, 127.56, 120.2, 91.8, 86.3, 81.2, 75.8, 74.9, 73.4, 
72.7, 72.3, 72.0, 0.8. 
For 24b: 1H NMR (300 MHz, CDCl3) δ: 7.65 – 7.59 (m, 2H), 7.50 – 7.40 (m, 4H), 7.37 – 
7.27 (m, 12H), 7.26 – 7.21 (m, 2H), 7.18 (dd, J = 7.5, 2.0 Hz), 6.83 (d, J = 1.1 Hz, 1H), 
6.53 (t, J = 1.2 Hz, 1H), 4.95 (d, J = 2.8 Hz, 1H), 4.55 (d, J = 11.4 Hz, 1H), 4.52 – 4.49 (m, 
2H), 4.45 – 4.40 (m, 2H), 4.37 (d, J = 11.4 Hz, 1H), 4.04 (tt, J = 7.7, 4.0 Hz, 1H) 3.69 (dd, J 
= 7.7, 2.8 Hz, 1H), 3.65 – 3.56 (m, 2H), 2.64 (d, J = 6.8 Hz, 1H, -OH). 13C NMR (126 MHz, 
CDCl3) δ 179.1, 146.0, 138.1, 138.0, 137.7, 133.5, 133.11, 130.89, 128.81, 128.55, 
128.48, 128.41, 128.07, 128.04, 127.88, 127.84, 120.1, 91.9, 86.1, 79.5, 75.4, 74.5, 
73.6, 72.2, 71.2, 70.3. HRMS (ESI+) calcd for [C36H34O5+Na]+ = 569.22985; found: 
569.23036. 
Reaction of 14a with BF3.OEt2. A solution of 14a (66 mg, 0.11 mmol) in dry CH2Cl2 (5 
mL) under an argon atmosphere was cooled to -20 oC, and treated with BF3.OEt2 (13.5 
μL, 0.107 mmol). The mixture was stirred at that temperature for 10 min, and then 
quenched with saturated aqueous NaHCO3. The cooling bath was removed and the 
layers were separated. The aqueous layer was extracted with CH2Cl2. The combined 
organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated 
in vacuo. The crude product was purified by silica gel chromatography (hexane/ethyl 
acetate 8:2) to yield 24b as a colorless oil (30.5 mg, 52%). 
Reaction of 14a with Et3N-3HF. A solution of 14a (65 mg, 0.10 mmol) in dry THF (5 mL) 
under an argon atmosphere at r.t., was treated with Et3N-3HF (16 μL, 0.10 mmol). The 
mixture was stirred at that temperature for 1 h, and then diluted with diethyl ether 
and quenched with saturated aqueous NaHCO3. The layers were separated, the 
aqueous layer was extracted with diethyl ether and the combined organic layers were 
washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The crude 
product was purified by silica gel chromatography (hexane/ethyl acetate 8:2) to yield 
24b as a colorless oil (49 mg, 90%). 
Reaction of 14a with Et3N-3HF followed by treatment with Et3N. Method A. A solution 
of 14a (63 mg, 0.10 mmol) in dry THF (5 mL) under an argon atmosphere at .r.t., was 
treated with Et3N-3HF (16 μL, 0.10 mmol). The mixture was stirred at that temperature 
for 1 h, Et3N was added (800 μL, 5.7 mmol) and the mixture stirred for additional 72 h. 
The reaction crude was then diluted with diethyl ether, and saturated aqueous 
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NaHCO3 was added. The layers were separated, the aqueous layer was extracted with
diethyl ether and the combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by silica 
gel chromatography (hexane/ethyl acetate 8:2) to yield an inseparable mixture 
containing 24b and 25 in a 3:1 ratio (47 mg, 88%). 
For 25: 1H NMR (500 MHz, CDCl3) δ: 7.57 – 7.53 (m, 2H), 7.50 – 7.26 (m, 15H), 7.26 – 
7.21 (m, 1H), 7.19 – 7.15 (m, 2H), 4.83 (m, 2H), 4.77 (d, J = 10.7 Hz, 1H), 4.63 (d, J = 
12.2 Hz, 1H), 4.54 (m, 2H), 4.24 (dd, J = 11.4, 4.6 Hz, 1H), 4.14 (dd, J = 10.4, 8.8 Hz, 1H), 
3.74 – 3.70 (m, 2H), 3.67 (dd, J = 9.8, 8.8 Hz, 1H), 3.53 (t, J = 11.4 Hz, 1H), 3.46 (ddd, J = 
9.8, 3.6, 2.7 Hz, 1H), 3.37 (ddd, J = 11.2, 10.4, 4.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 
185.3, 138.2, 138.1, 138.0, 133.4, 131.3, 128.9, 128.6, 128.57, 128.53, 128.51, 128.1, 
128.0, 127.98, 127.90, 127.87, 119.6, 93.6, 88.2, 81.9, 79.9, 79.0, 75.4, 75.3, 73.8, 69.0, 
67.5, 59.0. HRMS (ESI+) calcd for [C36H34O5+NH4]+ = 564.27445; found: 564.27358.
Reaction of 14a with Et3N-3HF followed by treatment with Et3N. Method B. A solution 
of 14a (63 mg, 0.10 mmol) in dry THF (5 mL) under an argon atmosphere at r.t., was 
treated with Et3N-3HF (16 μL, 0.10 mmol). The mixture was stirred at that temperature 
for 1 h, and then it was treated with Et3N (800 μL, 5.7 mmol), warmed to 65 oC and 
stirred at that temperature for additional 72 h. The reaction mixture was then allowed 
to cool, diluted with diethyl ether, and it was added saturated aqueous NaHCO3. The 
layers were separated, the aqueous layer was extracted with diethyl ether and the 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo. The crude product was purified by silica gel chromatography 
(hexane/ethyl acetate 8:2) to yield a single spot containing an inseparable mixture of 
two compounds: 25, and a new derivative, which was tentatively assigned as 
compound 26 (1.5:1 ratio, 42 mg, 87%). 
For 26a (selected peaks): 1H NMR (300 MHz, CDCl3) δ: 7.61 – 7.52 (m, 2H), 7.51 – 7.45 
(m, 1H), 7.44 – 7.38 (m, 2H), 7.38 – 7.27 (m, 7H), 4.73 – 4.51 (m, 5H), 4.43 – 4.32 (m, 
2H), 3.77 (dd, J = 10.6, 2.3 Hz, 1H), 3.71 (dd, J = 10.7, 4.3 Hz, 1H), 3.53 (ddd, J = 8.6, 4.3, 
2.3 Hz, 1H). HRMS (ESI+) calcd for [C29H26O4+NH4]+ = 456.21693; found: 456.21961. 
Treatment of 14b with basic alumina. A solution of 14b (24 mg, 0.05 mmol) in EtOAc (5 
mL) was stirred in the presence of basic alumina at r.t. The reaction mixture was 
filtered and the ensuing filtrate was purified by flash chromatography (hexane/ethyl 
acetate 8:2) to yield compound 27 as a colorless oil (6.2 mg, 36%) as well as recovered 
starting material 14b (7.9 mg, 33%). 
For 27: 1H NMR (400 MHz, CDCl3) δ: 7.63 – 7.58 (m, 2H), 7.49 – 7.45 (m, 1H), 7.44 – 
7.37 (m, 2H), 7.31 (q, J = 2.0 Hz, 1H), 6.05 – 5.85 (m, 2H), 5.40 – 5.10 (m, 4H), 4.61 (dt, J 
= 16.7, 1.8 Hz, 1H), 4.37 (ddd, J = 16.7, 3.2, 2.4 Hz, 1H), 4.30 – 4.20 (m, 2H, H-4), 4.21 – 
3.99 (m, 3H), 3.76 (dd, J = 10.7, 2.2 Hz, 1H), 3.69 (dd, J = 10.6, 4.8 Hz, 1H), 3.49 (ddd, J = 
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8.7, 4.7, 2.3 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 177.1, 142.2, 140.1, 134.7, 134.4, 
133.1, 131.0, 128.9, 120.1, 118.3, 117.8, 76.2, 72.8, 71.3, 70.5, 69.2, 64.7. HRMS (ESI+) 
calcd for [C21H22O4+NH4]+ = 356.18563; found: 356.18592. 
4. Reaction of glycoside 14a with indole and thiols. 
4.1 General method mediated by InBr3. A solution of the corresponding alkynyl 
ketoside 14, and the appropriate nucleophile (indole or thiophenol) in anhydrous 
CH2Cl2 (25 mL/mmol) was treated at r.t. with InBr3 (1.0 equiv.). The mixture was stirred 
for 1 h, and then quenched with saturated aqueous NaHCO3. The layers were 
separated, the aqueous layer was extracted with CH2Cl2, the combined organic layers 
were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The 
residue was then purified by flash chromatography. 
4.2 General method mediated by BF3.OEt2. A solution of alkynyl ketoside 14 (1.0 equiv.) 
and the appropriate nucleophile (indole or thiophenol, 2.2 equiv.) in anhydrous CH2Cl2
(25 mL/mmol) was cooled to the appropriate temperature and then treated with 
BF3.OEt2 (1.0 equiv.). The mixture was stirred for 1 h, and then quenched with 
saturated aqueous NaHCO3. The layers were separated, the aqueous layer was 
extracted with CH2Cl2, the combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was then purified by flash 
chromatography. 
Reaction of 14a with indole and InBr3. A solution of 14a (31 mg, 0.05 mmol) and indole 
(13 mg, 0.11 mmol) in dry CH2Cl2 (2.5 mL) was treated at room temperatura with InBr3
(17.8 mg, 0.05 mmol) according to the general method 5.1. The crude product was 
then purified by silica gel chromatography (hexane/ethyl acetate 9:1 to 1:1) to provide 
open-chain derivatives 24b (6.3 mg, 23%) along with indole containing compounds 28a 
(3.5 mg, 11%), 28b (6.8 mg, 24%) and 29 (5.0 mg, 15%). 
For 28a: 1H NMR (400 MHz, CDCl3) δ: 7.84 (s, 1H), 7.60 – 7.52 (m, 3H), 7.51 – 7.42 (m, 
1H), 7.40 – 7.27 (m, 9H, H-5), 7.23 – 7.20 (m, 3H), 7.17 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 
7.11 – 7.03 (m, 3H), 6.84 (d, J = 2.6 Hz), 4.62 (dd, J = 9.3, 5.5 Hz, 1H), 4.51 (d, J = 12.0 
Hz, 1H), 4.47 (d, J = 12.0 Hz, 1H), 4.29 (d, J = 11.8 Hz, 1H), 4.12 (d, J = 11.8 Hz, 1H), 4.04 
(q, J = 5.1 Hz, 1H), 3.92 (dd, J = 15.1, 1.2 Hz, 1H), 3.86 (d, J = 15.1 Hz, 1H), 3.56 – 3.44 
(m, 2H), 0.09 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 180.0, 147.3 144.7, 138.4, 138.2, 
136.3, 133.1, 130.6, 128.7, 128.6, 128.5, 128.4, 127.8, 127.69, 127.65, 127.3, 122.4, 
122.2, 120.4, 119.5, 119.3, 114.0, 111.1, 92.4, 86.5, 76.4, 74.0, 73.6, 71.9, 71.5, 21.1, 
0.5. HRMS (ESI+) calcd for [C40H41O4NSi+Na]+ = 650.26971; found: 650.27280. 
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For 28b: 1H NMR (500 MHz, CDCl3) δ: 7.79 (s, 1H), 7.56-7.49 (m, 3H), 7.47 – 7.41 (m, 
1H), 7.39 – 7.26 (m, 10H, H-5, H), 7.26 – 7.21 (m, 2H), 7.19 – 7.12 (m, 3H), 7.07 (ddd, J 
= 8.0, 7.0, 1.0 Hz, 1H), 6.81 (dd, J = 2.3, 1.1 Hz, 1H), 4.58 (dd, J = 9.4, 5.7 Hz, 1H), 4.44 
(d, J = 11.9 Hz, 1H), 4.41 (s, 2H), 4.22 (d, J = 11.8 Hz, 1H), 3.97-3.89 (m, 2H), 3.80 (d, J = 
15.3 Hz, 1H), 3.53 (dd, J = 9.7, 5.7 Hz, 1H), 3.45 (dd, J = 9.7, 4.2 Hz, 1H), 2.30 (s, 1H, 
OH). 13C NMR (101 MHz, CDCl3) δ 179.8, 145.8, 145.0, 138.0, 137.9, 136.2, 133.1, 
130.7, 128.7, 128.6, 128.0, 127.9, 127.1, 122.4, 122.3, 120.3, 119.7, 119.1, 114.0, 
111.2, 92.7, 86.5, 75.8, 73.5, 72.4 , 71.5, 70.5, 21.2. HRMS (ESI+) calcd for 
[C37H33NO4+NH4]+ = 573.2748; found: 573.2731. 
For 29: 1H NMR (500 MHz, CDCl3) δ: 8.07 (d, J = 2.4 Hz, 1H), 7.79 – 7.74 (m, 2H), 7.58 – 
7.55 (m, 2H), 7.46 – 7.38 (m, 4H), 7.35 – 7.29 (m, 6H), 7.25 – 7.21 (m, 2H), 7.19 – 7.09 
(m, 5H), 7.05 – 7.02 (m, 1H) , 7.02-6.99 (m, 3H), 6.97 (d, J = 2.4 Hz, 1H), 6.60 (s, 1H), 
4.69 (d, J = 11.5 Hz, 1H), 4.56 (s, 2H), 4.42 (d, J = 11.4 Hz, 1H), 4.28 (d, J = 5.8 Hz, 1H), 
4.19 (ddd, J = 9.0, 5.4, 2.4 Hz, 1H), 3.96 (dd, J = 9.0, 5.8 Hz, 1H), 3.78 (dd, J = 10.7, 2.4 
Hz, 1H), 3.63 (dd, J = 10.7, 5.4 Hz, 1H), 3.21 (d, J = 15.1 Hz, 1H), 3.12 (d, J = 15.1 Hz, 1H). 
13C NMR (126 MHz, CDCl3) δ 145.8, 140.0, 138.4, 138.0, 137.2, 136.44, 136.40, 133.1, 
131.1, 129.1, 128.9, 128.6, 128.5, 128.3, 128.0, 127.7, 126.1, 125.1, 124.0, 122.8, 
122.1, 119.7, 119.5, 118.9, 115.6, 114.5, 111.5, 111.1, 110.9, 74.6, 73.9, 73.8, 72.8, 
69.6, 39.4, 25.4. HRMS (ESI+) calcd for [C45H36N2O3+H]+ = 653.27987; found:
653.27974.
Reaction of 24b with indole and InBr3. A solution of 24b (33 mg, 0.06 mmol) and indole 
(15 mg, 2.2 equiv., 0.132 mmol) in dry CH2Cl2 (3 mL) was treated at room temperature 
with InBr3 (21 mg, 0.06 mmol). The mixture was stirred for 7 h, and then quenched 
with saturated aqueous NaHCO3. The layers were separated, the aqueous layer was 
extracted with CH2Cl2, the combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The crude product was then purified by 
silica gel chromatography (hexane/ethyl acetate 9:1 to 1:1) to provide indole 
containing compounds 28b (5.6 mg, 17%) and 29 (4 mg, 10%). 
Reaction of 28b with indole and InBr3. A solution of 28b (17 mg, 0.03 mmol) and indole 
(8 mg, 2.0 equiv., 0.06 mmol) in dry CH2Cl2 (1.8 mL) was treated at r.t. with InBr3 (22 
mg, 0.05 mmol, 2.0 equiv.). The mixture was stirred for 7 h, and then quenched with 
saturated aqueous NaHCO3. The layers were separated, the aqueous layer was 
extracted with CH2Cl2, the combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The crude product was then purified by 
silica gel chromatography (hexane/ethyl acetate 9:1 to 1:1) to provide tricyclic 
derivative 40 (2 mg, 12%). 
For 40: 1H NMR (500 MHz, CDCl3) δ: 7.78 (s, 1H), 7.53 (d, J = 8.1 Hz, 1H), 7.50 – 7.45 (m, 
5H), 7.37 – 7.27 (m, 5H), 7.24 – 7.19 (m, 4H), 7.11 – 7.07 (m, 2H), 7.06 – 7.02 (m, 1H), 
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6.45 (s, 1H), 6.37 (d, J = 9.3 Hz, 1H), 4.58 (dd, J = 9.5, 5.9 Hz, 1H), 4.44-4.33 (m, 3H), 
4.21 (d, J = 11.9 Hz, 1H), 3.98 (d, J = 15.4 Hz, 1H), 3.89 (dq, J = 5.5, 3.9 Hz, 1H), 3.76 (d, J 
= 15.1 Hz, 1H), 3.62 (dd, J = 9.8, 5.5 Hz, 1H), 3.51 (dd, J = 9.8, 3.9 Hz, 1H), 2.29 (d, J = 
5.8 Hz). 13C NMR (126 MHz, CDCl3) δ 192.3, 144.2, 143.4, 139.2, 138.1, 137.9, 136.2, 
135.0, 131.5, 129.9, 129.2, 129.1, 128.5, 128.4, 128.3, 127.93, 127.87, 127.78, 126.0, 
124.6, 120.8, 119.3, 117.7, 111.7, 75.5, 73.5, 72.4, 71.1, 70.5, 22.8. HRMS (ESI+) calcd 
for [C37H33NO4+H-H2O]+ = 538.2377; found: 538.2557.
Reaction of 14a with thiophenol mediated by BF3.OEt2. A solution containing the 
alkynyl glycoside 14a (36 mg, 0.058 mmol) and thiophenol (13 μL, 0.128 mmol, 2.2 
equiv.) in dry CH2Cl2 (2.9 mL) under an argon atmosphere, was cooled to -78 oC and 
treated with BF3.OEt2 (7.3 μL, 0.058 mmol) according to the General Method 5.2. The 
mixture was stirred for 15 min. Purification by silica gel chromatography (hexane/ethyl 
acetate 9:1) provided open-chain derivative 24b (7.3 mg, 23%) and thiophenol 
containing derivative 43 (5 mg, 14%). 
For 43: 1H NMR (500 MHz, CDCl3) δ: 7.57 – 7.54 (m, 2H), 7.42 – 7.35 (m, 4H), 7.35 – 
7.27 (m, 11H), 7.24 – 7.19 (m, 4H), 4.56 – 4.51 (m, 2H), 4.51 – 4.42 (m, 2H), 4.31 (d, J = 
11.7 Hz, 1H), 3.95 (m, 2H), 3.86 (d, J = 12.0 Hz, 1H), 3.64 – 3.58 (m, 2H). 13C NMR (126 
MHz, CDCl3) δ 178.0, 147.3, 141.7, 137.9, 137.8, 135.9, 133.2, 131.2, 130.9, 129.2, 
128.8, 128.63, 128.62, 128.1, 128.03, 127.99, 127.91, 127.2, 120.2, 93.2, 86.0, 82.1,
76.4, 73.6, 72.2, 71.8, 70.5, 29.3. HRMS (ESI+) calcd for [C35H32O4S+H]+ = 549.20941; 
found: 549.20920
In a different experiment, compound 14a (37 mg, 0.06 mmol) was submitted to the 
same procedure but the reaction was allowed to stir for 5 h at -78 oC. After purification 
by flash chromatography (hexane/ethyl acetate 9:1), derivatives 24b (2 mg, 6%) and 
bis-thiophenylated ketone 44 (13 mg, 33%, mixture 5.6:1 of diastereomers) could be 
obtained. 
For 44 (only signals of the major isomer are shown): 1H NMR (500 MHz, CDCl3) δ: 7.40 
– 7.27 (m, 12H), 7.25 – 7.01 (m, 13H), 6.80 (s, 1H), 6.60 (d, J = 9.3 Hz, 1H), 4.56 – 4.48 
(m, 2H), 4.46 (d, J = 11.9 Hz, 1H), 4.41 (dd, J = 9.3, 5.7 Hz, 1H), 4.30 (d, J = 11.8 Hz, 1H), 
4.05 (d, J = 11.9 Hz, 1H), 3.93 (m, 2H), 3.59 (m, 2H), 2.43 (d, J = 5.8 Hz, 1H). 13C NMR 
(126 MHz, CDCl3) δ 188.7, 162.0, 142.1, 138.9, 138.7, 137.99, 137.92, 136.2, 134.3, 
132.8, 131.1, 129.10, 129.05, 128.59, 128.57, 128.52, 128.49, 127.97, 127.94, 127.93, 
127.90, 127.89, 127.0, 119.7, 76.4, 73.6, 72.3, 71.5, 70.5, 30.4. HRMS (ESI+) calcd for 
[C35H32O4S+H]+ = 659.22843; found: 659.23079.
Finally, when the reaction between 14a (30 mg, 0.0485 mmol) and thiophenol (11 μL, 
0.107 mmol, 2.2 equiv.) was performed in the presence of BF3.OEt2 (6.1 μL, 0.048 
mmol ) at -20 oC, polyfunctionalized glycal 45 was isolated as an inseparable mixture of 
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diastereomers (22.2 mg, 61 %) after flash chromatography (hexane/diethyl 
ether/toluene 98:2:1). 
For 45: HRMS (ESI+) calcd for [C47H42O3S3+K]+ = 751.23688; found: 751.24017.
Reaction of 14a with thiophenol and InBr3. A solution containing the alkynyl glycoside 
14a (22 mg, 0.036 mmol) and thiophenol (8 μL, 0.079 mmol, 2.2 equiv.) was treated 
with InBr3 (12.6 mg, 0.036 mmol, 1.0 equiv.) according to the General Method 5.2. The 
mixture was stirred for 1 h. Purification by silica gel chromatography (hexane / diethyl 
ether/ toluene 98:2:1) provided 45 (17.2 mg, 64%). 
Reaction of 24b with thiophenol and InBr3. A solution containing the openchain 
derivative 24b (27.9 mg, 0.051 mmol) and thiophenol (11.5 μL, 0.11 mmol, 2.0 equiv.) 
was treated with InBr3 (18.1 mg, 0.051 mmol, 1.0 equiv.) according to the general 
method 5.2. The mixture was stirred for 1 h. Purification by silica gel chromatography 
(hexane/diethyl ether/toluene 98:2:1). provided 45 (24.5 mg, 64%). 
Reaction of 14a with 2-mercapto pyridine and BF3.OEt2. A solution of 14a (31 mg, 0.051 
mmol) and 2-mercapto pyridine (12.2 mg, 2.2 equiv., 0.11 mmol) in dry CH2Cl2 (2.5 mL) 
was treated at -20 oC with BF3.OEt2 (6.4 μL, 0.05 mmol) according to the General 
Method 5.1. After 1 h of stirring, the crude product was purified by silica gel 
chromatography (hexane/ethyl acetate 8:2) to provide compound 46 as a separable 
8:1 mixture of Z/E isomers (18.4 mg, 56%).
Reaction of 14a with 2-mercapto pyridine and InBr3. A solution containing the alkynyl 
glycoside 14a (31 mg, 0.05 mmol) and 2-mercapto pyridine (12.5 mg, 0.11 mmol, 2.0 
equiv.) was treated with InBr3 (18.1 mg, 0.05 mmol) according to the general method 
5.2. The mixture was stirred for 1 h. Purification by silica gel chromatography 
(hexane/ethyl acetate 95:5 to 8:2) provided derivatives 24b (3.8 mg, 17%), bis-
thiophenylated ketone 46 as a 2.3:1 mixture of isomers (7 mg, 21%) and glycal 47 (6 
mg, 18%). 
Reaction of 24b with 2-mercapto pyridine and BF3.OEt2. A solution of 24b (21 mg, 0.04 
mmol) and 2-mercapto pyridine (9.3 mg, 0.08 mmol, 2.2 equiv.) in dry CH2Cl2 (2.5 mL) 
was treated at -20 oC with BF3.OEt2 (4.9 μL, 0.04 mmol) according to the general 
method 5.1. After 1 h of stirring, the crude product was purified by silica gel 
chromatography (hexane/ethyl acetate 8:2) to provide compound 46 as a separable 
2:1 mixture of Z/E isomers (major isomer tentatively assigned as Z-isomer 10.8 mg, 
43% and 5.4 mg, 21% of minor E isomer). 
For 46 (major isomer, tentatively assigned as Z-isomer): 1H NMR (400 MHz, CDCl3) δ: 
8.44 (dt, J = 4.8, 1.3 Hz, 1H), 8.25 (dt, J = 4.8, 1.6 Hz, 1H), 7.54 – 7.38 (m, 4H), 7.35 – 
7.27 (m,7H), 7.21 – 7.12 (m, 6H), 7.08 (d, J = 8.1 Hz, 1H), 7.03 (ddd, J = 7.5, 4.8, 1.1 Hz, 
Capítulo 4: Eur. J. Org. Chem. 2018, 5355–5374.
279 
1H), 6.89 (ddd, J = 7.3, 4.9, 1.1 Hz, 1H), 6.74 (s, 1H), 6.67 (d, J = 9.3 Hz, 1H), 4.63 (dd, J = 
9.3, 6.2 Hz, 1H), 4.50 (d, J = 11.8 Hz, 1H), 4.46 (d, J = 11.9 Hz, 1H), 4.23 (d, J = 11.8 Hz, 
1H), 4.15 – 4.08 (m, 2H), 4.05 (d, J = 12.9 Hz, 1H), 3.76 (q, J = 5.6 Hz, 1H), 3.54 (dd, J = 
9.7, 5.4 Hz, 1H), 3.50 (dd, J = 9.7, 4.0 Hz, 1H), 2.57 (d, J = 6.3 Hz, 1H). 13C NMR (101 
MHz, CDCl3) δ 191.9, 158.9, 156.1, 150.4, 149.6, 149.4, 143.1, 142.0, 138.09, 138.06, 
137.1, 137.0, 136.1, 129.5, 129.4, 128.54, 128.47, 128.4, 127.90, 127.85, 127.84, 
127.75, 126.6, 126.1, 122.2, 122.0, 119.6, 76.2, 73.6, 72.5, 71.4, 70.6, 25.2. HRMS
(ESI+) calcd for [C39H36N2O4S2+H]+ = 661.2189; found: 661.2182.
For 46 (minor isomer, tentatively assigned as E-isomer): 1H NMR (400 MHz, CDCl3) δ: 
8.31 (ddd, J = 5.0, 1.9, 0.9 Hz, 1H), 8.26 (ddd, J = 4.5, 1.8, 0.7 Hz, 1H), 7.47 – 7.38 (m, 
2H), 7.36 – 7.25 (m, 12H), 7.23 (t, J = 2.0 Hz, 1H), 7.20 – 7.06 (m, 4H), 6.96 (s, 1H), 6.93 
– 6.87 (m, 2H), 6.71 (d, J = 9.3 Hz, 1H), 4.82 (dd, J = 9.3, 6.2 Hz, 1H), 4.57 – 4.46 (m, 3H), 
4.39 (d, J = 11.7 Hz, 1H), 4.34 (d, J = 13.0 Hz, 1H), 4.29 (d, J = 13.0 Hz, 1H), 3.94 (q, J = 
5.6 Hz, 1H), 3.68 – 3.58 (m, 2H), 2.97 (d, J = 7.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 
189.5, 158.9, 156.7, 156.4, 149.7, 149.5, 142.6, 140.1, 139.4, 138.0, 136.3, 136.2, 
129.5, 129.4, 128.9, 128.8, 128.54, 128.47, 128.4, 128.2, 128.1, 128.0, 127.92, 127.86, 
127.8, 126.6, 126.1, 123.0, 122.5, 121.6, 119.7, 76.3, 73.6, 72.6, 71.6, 70.7, 25.6. HRMS
(ESI+) calcd for [C39H36N2O4S2+H]+ = 661.2189; found: 661.2215.
For 47: 1H NMR (500 MHz, CDCl3) δ: 8.35 (ddd, J = 4.9, 1.9, 1.0 Hz, 1H), 7.49-7.46 (m, 
2H), 7.44 (ddd, J = 8.0, 7.3, 1.9 Hz, 1H), 7.34 – 7.27 (m, 16H), 7.25 – 7.22 (m, 3H), 6.94 
(ddd, J = 7.3, 4.9, 1.1 Hz), 4.72 (d, J = 11.5 Hz), 4.68 – 4.62 (m, 3H), 4.60 (d, J = 12.4 Hz, 
1H), 4.55 (d, J = 12.0 Hz, 1H), 4.46 (d, J = 5.3 Hz, 1H), 4.36 (d, J = 13.3 Hz, 1H), 4.29 (d, J 
= 13.3 Hz, 1H), 4.21 (ddd, J = 7.2, 4.9, 3.9 Hz, 1H), 4.03 (dd, J = 7.2, 5.3 Hz, 1H), 3.83 
(dd, J = 10.8, 5.0 Hz, 1H), 3.78 (dd, J = 10.8, 3.9 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 
159.4, 149.5, 138.4, 138.1, 138.0, 136.5, 136.1, 133.1, 131.9, 129.1, 128.6, 128.51, 
128.49, 128.45, 128.0, 127.94, 127.90, 127.80, 127.77, 122.7, 122.2, 119.7, 115.9, 93.8, 
82.5, 77.2, 75.5, 74.1, 73.6, 73.2, 72.9, 68.0, 30.9. HRMS (ESI+) calcd for 
[C41H37NO4S+H]+ = 640.2516; found: 640.2502.
Reaction of 28b with 2-mercapto pyridine and BF3.OEt2. A solution of 28b (18.4 mg, 
0.033 mmol) and 2-mercapto pyridine (6.6 mg, 2.0 equiv., 0.66 mmol) in dry CH2Cl2
(2.0 mL) was treated at -20 oC with BF3.OEt2 (6.4 μL, 0.05 mmol) according to the 
general method 5.1. After 4 h of stirring, the crude product was purified by silica gel 
chromatography (hexane/ethyl acetate 6:4) to provide compound 59 as an inseparable 
2.5:1 mixture of Z/E isomers (16.7 mg, 76%). 
For 48: 1H NMR (500 MHz, CDCl3) δ: 8.33 – 8.29 (m, 1H), 7.71 (s, 1H), 7.36 – 7.20 (m, 
8H), 7.18 – 6.88 (m, 13H), 6.66 (s, 1H), 6.60 (d, J = 9.4 Hz, 1H), 6.53 (d, J = 2.4 Hz, 1H), 
4.34 – 4.28 (m, 3H), 4.15 (d, J = 12.0 Hz, 1H), 3.90 (d, J = 11.9 Hz, 1H), 3.70 – 3.63 (m, 
2H), 3.53 (d, J = 15.4 Hz, 1H), 3.35 (dd, J = 9.8, 6.1 Hz, 1H), 3.26 (dd, J = 9.8, 4.0 Hz, 1H). 
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13C NMR (126 MHz, CDCl3) δ 193.1, 156.1, 150.3, 149.0, 144.8, 141.2, 138.1, 137.2, 
137.0, 136.2, 129.4, 129.2, 128.9, 128.55, 128.53, 128.48, 128.3, 128.2, 127.98, 127.94, 
127.89, 127.83, 127.7, 127.0, 126.5, 122.6, 122.2, 122.0, 119.5, 119.2, 113.7, 111.1, 
75.7, 73.5, 72.4, 71.0, 70.6, 21.9. HRMS (ESI+) calcd for [C42H38N2O4S+H]+ = 667.26250; 
found: 667.26116. 
5. Reactions of Ferrier-Nicholas glycoside 15a under acid catalysis in the absence of 
external nucleophiles. 
5.1. General method mediated by InBr3. A solution of the cobalt complex 15a (61 mg, 
0.068 mmol) in dry CH2Cl2 (3 mL) under an argon atmosphere was treated with InBr3
(24.1 mg, 0.068 mmol, 1.0 equiv.). The mixture was stirred until no further progress 
was revealed by TLC analysis (1 h). The mixture was then diluted with CH2Cl2, and 
quenched with saturated aqueous NaHCO3. The layers were separated, and the 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo. Purification by silica gel chromatography (hexane/ethyl acetate 
95:5 to 8:2) provided open-chain derivative 52a (27.7 mg, 49%) along with bicyclic 
derivative 53 (13 mg, 31%). 
5.2. General method mediated by BF3.OEt2. A solution of the cobalt complex 15a (60 
mg, 0.066 mmol) in dry CH2Cl2 (4 mL) was cooled to -20 oC under an argon atmosphere 
and treated with BF3.OEt2 (16.8 μL, 0.133 mmol, 2.0 equiv.). The reaction mixture was 
stirred until no further progress was revealed by TLC analysis (15 h), then diluted with 
CH2Cl2, and quenched with saturated aqueous NaHCO3. The layers were separated, 
and the combined organic layers were washed with brine, dried over Na2SO4, filtered, 
and concentrated in vacuo. Purification by silica gel chromatography (hexane/ethyl 
acetate 95:5 to 8:2) provided open-chain derivatives 52a (15.4 mg, 10%) and 54 (6 mg, 
14%), along with bicyclic derivative 53 (16.3 mg, 39%). 
In a different experiment 15a (60 mg, 0.066 mmol) was submitted to the same 
procedure but the reaction was carried out in the presence of 4A molecular sieves. 
After purification by flash chromatography, derivatives 52a (4 mg, 6%), 53 (14 mg, 
34%) and 54 (11 mg, 27%) could be obtained. 
Finally, when the reaction of 15a (60 mg, 0.066 mmol) was carried out in the presence 
of H2O (4.8 μL, 0.264 mmol, 4.0 equiv.), compounds 52a (5 mg, 9%), 53 (19.6 mg, 48%) 
and 54 (8.5 mg, 20%) could be obtained. 
For 52a: 1H NMR (400 MHz, CDCl3) δ: 7.46 – 7.42 (m, 2Hr), 7.36 – 7.27 (m, 13H), 7.25 – 
7.22 (m, 3H), 7.17 – 7.13 (m, 2H), 6.33 (s, 1H), 6.17 (s, 1H), 5.05 (d, J = 2.9 Hz, 1H), 4.56 
(d, J = 11.4 Hz, 1H), 4.52 – 4.50 (m, 2H), 4.52 – 4.42 (m, 2H), 4.39 (d, J = 11.2 Hz, 1H,), 
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4.05 (dtd, J = 8.2, 5.8, 3.2 Hz, 1H), 3.83 (dd, J = 8.0, 2.9 Hz, 1H), 3.64 (dd, J = 9.7, 3.2 Hz, 
1H), 3.55 (dd, J = 9.7, 5.1 Hz, 1H), 2.81 (d, J = 6.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 
198.34, 194.3, 144.7, 138.2, 137.9, 137.7, 136.8, 130.0, 129.4, 129.1, 128.7, 128.6, 
128.5, 128.4, 128.2, 128.08, 128.06, 127.9, 127.8, 92.1, 85.4, 79.8, 76.6, 74.4, 73.5, 
72.6, 71.2, 70.2. HRMS (ESI+) calcd for [C42H34Co2O11+H]+ = 833.0838; found: 833.0820. 
For 53: 1H NMR (400 MHz, CDCl3) δ: 7.67 – 7.62 (m, 2H), 7.44 – 7.29 (m, 8H), 4.86 – 
4.83 (m, 2H), 4.81 (d, J = 1.8 Hz, 1H), 4.71 (d, J = 12.6 Hz, 1H), 4.67 (d, J = 12.6 Hz, 1H), 
4.03 (dd, J = 7.5, 5.5 Hz, 1H), 3.92 (dd, J = 7.5, 1.0 Hz, 1H), 3.65 (ddd, J = 5.2, 3.2, 1.7 Hz, 
1H), 2.81 (ddt, J = 15.1, 5.4, 2.0 Hz, 1H), 2.55 (dd, J = 15.3, 3.0 Hz, 1H, H-3). 13C NMR 
(101 MHz, CDCl3) δ 199.4, 143.1, 138.5, 137.6, 130.6, 128.9, 128.6, 128.0, 127.9, 127.7, 
111.8, 109.3, 90.9, 89.8, 77.4, 76.3, 70.4, 67.6, 32.9. HRMS (ESI+) calcd for 
[C42H34Co2O11+H]+ = 618.9844; found: 618.9845.
For 54: 1H NMR (300 MHz, CDCl3) δ: 7.54 – 7.44 (m, 3H), 7.40 – 7.28 (m, 7H), 6.03 (s, 
1H), 5.94 (s, 1H), 4.64 (d, J = 11.4 Hz, 1H), 4.53 (d, J = 11.5 Hz, 1H), 3.85 – 3.67 (m, 3H), 
3.65 – 3.54 (m, 1H), 3.25 (s, 1H), 2.88 – 2.73 (m, 2H), 2.17 (s, 1H). HRMS (ESI+) calcd for 
[C28H22Co2O10+Na]+ = 658.9775; found: 658.9855.
6. Reactions of Ferrier-Nicholas glycoside 15a with heteroarenes and thiols under 
Lewis acid catalysis. 
6.1 General method mediated by InBr3. A solution of the corresponding cobalt complex 
15 and the appropriate nucleophile (indole or thiophenol, 2.2 equiv.) in anhydrous 
CH2Cl2 (50 mL/mmol) and in the presence of molecular sieves was treated at room 
temperature with InBr3 (1.0 equiv.). The mixture was stirred till no further progress 
was observed by TLC, and then quenched with saturated aqueous NaHCO3. The layers 
were separated, the aqueous layer was extracted with CH2Cl2, the combined organic 
layers were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. 
The residue was then purified by flash chromatography. 
6.2. General method mediated by BF3.OEt2. A solution of the corresponding cobalt 
complex 15 and the appropriate nucleophile (indole or thiophenol, 2.5 equiv.) in 
anhydrous CH2Cl2 (50 mL/mmol) was cooled to the selected temperature and then 
treated with BF3.OEt2 (1.0 - 4.0 equiv.). The mixture was stirred until no further 
progress was revealed by TLC analysis. The mixture was then diluted with CH2Cl2, and 
quenched with saturated aqueous NaHCO3. The layers were separated, and the 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo. Purification was then carried out by silica gel chromatography 
(hexane/ethyl acetate). 
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Reaction of 15a with indole and BF3.OEt2. A solution of 15a (67 mg, 0.072 mmol) and 
indole (34.4 mg, 4.0 equiv., 0.296 mmol) in dry CH2Cl2 (3.7 mL) was treated at -20 oC 
with BF3.OEt2 (38 μL, 0.296 mmol) according to the general method 6.2. After 24 h of 
stirring, the crude material was purified by silica gel chromatography (hexane/ethyl 
acetate 98:2) to provide unreacted 15a (12.3 mg, 18%) along with indole-containing 
derivative 62aa (24 mg, 35%, 52% corrected yield based on recovered 15a). 
In a different experiment, compound 15a (64 mg, 0.071 mmol) was submitted to the 
same procedure but with larger excess of indole (87.5 mg, 0.49 mmol) and BF3.OEt2
(92.0 μL, 0.71 mmol) and longer reaction time (48 h). After purification by flash 
chromatography derivative 62a-α (15 mg, 23%) could be obtained. 
Reaction of 15a with indole and InBr3. A solution of 15a (85 mg, 0.093 mmol) and 
indole (24.0 mg, 2.2 equiv., 0.20 mmol) in dry CH2Cl2 (5 mL) was treated with InBr3 (33 
mg, 0.093 mmol) according to the General Method 6.1. After 15 min of stirring and 
work-up, the crude material was purified by silica gel chromatography (hexane/ethyl 
acetate 98:2 to 9:1) to provide 62a-α (20.7 mg, 24%), 62a- (16.5 mg, 18%) and open-
chain derivative 52a (15.6 mg, 20%). 
In a different experiment, compound 15a (65 mg, 0.072 mmol) was submitted to the 
same procedure with indole (18.7 mg, 0.16 mmol) but with a larger amount of InBr3
(50.3 mg, 0.14 mmol) and longer reaction time (6 h). After purification by flash 
chromatography (hexane/ethyl acetate 98:2 to 9:1) derivatives 62α (16.0 mg, 24%), 
62 (11.1 mg, 16%) and open-chain derivative 52a (5.9 mg, 10%) were isolated. 
For 62a-α: 1H NMR (400 MHz, CDCl3) δ: 8.08 (s, 1H), 7.85 (s, 1H), 7.44 (d, J = 8.1 Hz, 
1H), 7.40 – 7.28 (m, 13H), 7.21 – 6.90 (m, 9H), 7.07 – 6.91 (m, 6H), 6.88 (s, 1H), 6.64 (s, 
1H), 4.65 – 4.57 (m, 2H), 4.50 – 4.41 (m, 2H), 4.36 (dt, J = 9.8 Hz, 2.3 Hz, 1H), 4.23 (dd, J 
= 9.8, 5.4 Hz, 1H), 4.05 (d, J = 5.4 Hz, 1H), 3.85 – 3.75 (m, 2H), 3.72 (d, J = 16.0 Hz, 1H), 
3.21 (d, J = 16.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 199.7, 143.4, 138.9, 138.6, 
138.3, 136.7, 136.5, 129.9, 128.4, 128.34, 128.27, 127.84, 127.76, 127.70, 127.6, 127.5, 
124.25, 122.1, 122.0, 121.9, 120.0, 119.5, 119.3, 114.6, 114.4, 113.8, 111.4, 111.0, 
93.1, 85.4, 74.9, 73.8, 73.6, 72.4, 69.6, 36.5, 28.0. HRMS (ESI+) calcd for 
[C51H38Co2N2O9+NH4]+ = 958.1580; found: 958.1586. 
For 62a-: 1H NMR (400 MHz, CDCl3) δ: 7.91 (s, 1H), 7.82 (s, 1H,), 7.67 (d, J = 8.0 Hz, 
1H), 7.48 – 7.28 (m, 11H), 7.19 – 6.99 (m, 8H), 6.92 (t, J = 6.8 Hz, 2H), 6.73 (s, 1H), 6.69 
(s, 1H), 4.71 (d, J = 11.9 Hz, 1H), 4.56 (d, J = 12.0 Hz, 1H), 4.41–4.25 (m, 2H), 4.12 (d, J = 
7.2 Hz, 1H), 4.07 – 3.98 (m, 3H), 3.94 (dd, J = 11.0, 1.9 Hz, 1H), 3.67 (d, J = 8.3 Hz, 1H), 
3.56 (d, J = 15.7 Hz, 1H), 2.93 (d, J = 15.7 Hz, 1H). HRMS (ESI+) calcd for 
[C51H38Co2N2O9+NH4]+ = 958.1580; found: 958.1570. 
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Reaction of 15c with indole and InBr3. A solution of 15c (78 mg, 0.087 mmol) and 
indole (22.0 mg, 2.2 equiv., 0.19 mmol) in dry CH2Cl2 (6 mL) was treated with InBr3 (31 
mg, 0.087 mmol) according to the General Method 6.1. After 15 min of stirring and 
work-up, the crude material was purified by silica gel chromatography (hexane/ethyl 
acetate 9:1) to provide 62c-α (15.5 mg, 19%), 62c- (15.0 mg, 18%) and open-chain 
derivative 52c (27.3 mg, 38%). 
For 62c-α: 1H NMR (400 MHz, CDCl3) δ: 8.05 (s, 1H), 7.89 (s, 1H), 7.41 – 7.27 (m, 9H), 
7.22 – 7.07 (m, 5H), 7.04 – 6.92 (m, 4H), 6.83 (d, J = 2.4 Hz, 1H), 6.69 (s, 1H), 4.60 – 
4.55 (m, 2H), 4.43 (d, J = 11.9 Hz, 1H), 4.40 (d, J = 11.5 Hz, 1H), 4.31 (dt, J = 9.9, 2.3 Hz, 
1H), 4.14 (dd, J = 9.9, 5.4 Hz, 1H), 4.09 (dd, J = 15.7, 1.5 Hz, 1H), 3.97 (d, J = 5.4 Hz, 1H), 
3.81 (dd, J = 10.5, 2.0 Hz, 1H), 3.76 (dd, J = 10.5, 2.9 Hz, 1H), 3.38 (d, J = 15.7 Hz, 1H), 
0.16 (s, 9H, -TMS). 13C NMR (101 MHz, CDCl3) δ 200.7, 143.0, 138.8, 138.2, 136.7, 
136.4, 128.5, 128.3, 128.23, 128.21, 127.83, 127.76, 127.6, 127.5, 124.2, 122.3, 122.1, 
121.9, 119.9, 119.5, 119.42, 119.37, 114.5, 113.9, 113.1, 111.3, 111.1, 96.7, 79.7, 74.7, 
73.8, 73.4, 72.4, 69.3, 35.9, 28.1, 1.3. HRMS (ESI+) calcd for [C48H42Co2N2O9Si+ NH4]+ = 
954.16618; found: 954.16766. 
For 62c-: 1H NMR (400 MHz, CDCl3) δ: 7.90 (s, 1H), 7.84 (s, 1H), 7.48 (d, J = 7.7 Hz, 1H), 
7.39 (dt, J = 8.1, 0.9 Hz, 1H), 7.33 – 7.26 (m, 5H), 7.25 – 7.17 (m, 3H), 7.15 – 7.07 (m, 
4H), 7.03 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.95 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.91 – 6.85 
(m, 2H), 6.71 (d, J = 2.3 Hz, 1H), 6.68 (t, J = 1.7 Hz, 1H), 4.65 (d, J = 11.9 Hz, 1H), 4.52 (d, 
J = 11.9 Hz, 1H), 4.30 – 4.20 (m, 2H), 4.06 – 3.93 (m, 4H), 3.91 (dd, J = 10.8, 2.1 Hz, 1H), 
3.63 (d, J = 8.1 Hz, 1H), 3.13 (d, J = 15.4 Hz, 1H), 0.20 (s, 9H, -TMS). 13C NMR (101 MHz, 
CDCl3) δ 200.6, 144.5, 138.6, 138.3, 136.8, 136.5, 129.2, 128.4, 128.2, 128.1, 127.9, 
127.5, 126.3, 124.1, 122.5, 122.1, 121.9, 119.8, 119.6, 119.4, 119.0, 116.2, 115.6, 
113.4, 111.3, 111.0, 96.3, 79.4, 77.4, 74.4, 73.8, 69.2, 43.0, 27.1, 1.3 (-TMS). HRMS 
(ESI+) calcd for [C48H42Co2N2O9Si+ NH4]+ = 954.16618; found: 954.16727. 
For 52c: 1H NMR (400 MHz, CDCl3) δ: 7.37 – 7.22 (m, 10H), 7.27 – 7.19 (m, 3H), 7.19 – 
7.11 (m, 2H), 6.45 (s, 1H), 6.42 (s, 1H), 4.99 (d, J = 2.9 Hz, 1H), 4.55 (d, J = 11.4 Hz, 1H), 
4.50 – 4.39 (m, 4H), 4.34 (d, J = 11.3 Hz, 1H), 4.01 (q, J = 7.9, 5.5 Hz, 1H), 3.78 (dd, J = 
7.9, 3.0 Hz, 1H), 3.60 (dd, J = 9.7, 3.2 Hz, 1H), 3.51 (dd, J = 9.7, 5.2 Hz, 1H), 2.79 (d, J = 
6.1 Hz, 1H), 0.37 (s, 9H, -TMS). 13C NMR (101 MHz, CDCl3) δ 199.2, 193.1, 145.3, 138.2, 
138.0, 137.7, 128.6, 128.5, 128.40, 128.35, 128.2, 128.06, 128.03, 128.01, 127.82, 
127.80, 97.2, 80.4, 79.7, 76.6, 74.4, 73.5, 72.4, 71.2, 70.2, 1.3. HRMS (ESI+) calcd for 
[C39H38Co2O11Si+H]+ = 829.09201; found: 829.08942. 
Reaction of 15a with pyrrole and InBr3. A solution of 15a (63 mg, 0.07 mmol) and 
pyrrole (10.6 μL, 0.15 mmol) in dry CH2Cl2 (3.5 mL) was treated with InBr3 (25 mg, 0.07 
mmol) according to the General Method 6.1. After 60 min of stirring and work-up, the 
crude material was purified by silica gel chromatography (hexane/ethyl acetate 95:5) 
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to provide 63-α (2.1 mg, 4%), 63- (16.4 mg, 28%) and open-chain derivative 52a (28.3 
mg, 50%). 
For 63-α: 1H NMR (500 MHz, CDCl3) δ: 8.02 (s, 1H), 7.42 (s, 1H), 7.39 – 7.35 (m, 2H), 
7.34 – 7.28 (m, 9H), 7.24 – 7.19 (m, 4H), 6.63 (q, J = 2.3 Hz, 1H), 6.53 (q, J = 2.4 Hz, 1H), 
6.12 (p, J = 2.9 Hz, 1H), 6.07 (q, J = 2.9 Hz, 1H), 5.86 (d, J = 3.6 Hz, 1H), 5.71 (d, J = 3.6 
Hz, 1H), 4.67 (d, J = 11.6 Hz, 1H), 4.65 – 4.59 (m, 2H), 4.47 (d, J = 11.8 Hz, 1H), 4.16 (dt, 
J = 9.3, 2.5 Hz, 1H), 4.12 (dd, J = 9.3, 4.8 Hz, 1H), 3.81 (dd, J = 10.7, 2.9 Hz, 1H), 3.76 
(dd, J = 10.7, 2.2 Hz, 1H), 3.63 (d, J = 4.8 Hz, 1H), 3.58 (d, J = 16.0 Hz, 1H), 3.12 (d, J = 
16.0 Hz, 1H, ). 13C NMR (126 MHz, CDCl3) δ 199.5, 145.7, 138.3, 138.1, 131.4, 129.8, 
128.8, 128.6, 128.50, 128.47, 128.4, 128.2, 127.9, 127.8, 127.7, 116.8, 116.4, 114.3, 
108.9, 108.5, 106.5, 106.3, 91.9, 83.9, 79.5, 79.0, 74.1, 73.9, 69.1, 44.0, 29.4. HRMS 
(ESI+) calcd for [C43H34Co2N2O9+H]+ = 841.10011; found: 841.10014.
For 63-: 1H NMR (500 MHz, CDCl3) δ: 7.97 (s, 1H), 7.56 – 7.52 (m, 1H), 7.44 – 7.38 (m, 
2H), 7.36 – 7.25 (m, 7H), 7.26 – 7.20 (m, 4H), 7.10 – 7.03 (m, 2H), 6.64 (td, J = 2.7, 1.5 
Hz, 1H), 6.44 (td, J = 2.7, 1.5 Hz, 1H), 6.19 (dt, J = 3.4, 2.7 Hz, 1H), 6.04 – 5.99 (m, 2H), 
5.76 – 5.70 (m, 1H), 4.59 (d, J = 11.9 Hz, 1H), 4.50 (d, J = 11.9 Hz, 1H), 4.46 (d, J = 10.7 
Hz, 1H), 4.14 (d, J = 10.7 Hz, 1H), 4.07 (dd, J = 9.0, 7.6 Hz, 1H), 4.01 (dt, J = 9.0, 2.8 Hz, 
1H), 3.91 (dd, J = 10.8, 3.3 Hz, 1H), 3.80 (dd, J = 10.8, 2.4 Hz, 1H), 3.58 (d, J = 15.6 Hz, 
1H), 3.50 (d, J = 7.6 Hz, 1H), 3.00 (dd, J = 15.5, 1.1 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 
199.5, 145.7, 138.3, 138.1, 131.4, 129.8, 128.8, 128.6, 128.50, 128.47, 128.4, 128.2, 
127.9, 127.8, 127.7, 116.8, 116.4, 114.3, 108.9, 108.5, 106.5, 106.3, 91.9, 83.9, 79.5, 
79.0, 74.1, 73.9, 69.1, 44.0, 29.4. HRMS (ESI+) calcd for [C43H34Co2N2O9+H]+ = 
841.10153; found: 841.10011.
Reaction of 15c with N-methylindole and InBr3. A solution of 15c (58 mg, 0.07 mmol) 
and N-methylindole (17.8 μL, 0.14 mmol) in dry CH2Cl2 (3.5 mL) was treated with InBr3
(23 mg, 0.07 mmol) according to the general method 6.1. After 24 h of stirring and 
work-up, the crude material was purified by silica gel chromatography (hexane/ethyl 
acetate 95:5) to provide 64-α (35 mg, 56%), 64- (7.4 mg, 12%) and open-chain 
derivative 52c (5.3 mg, 10%). 
For 64-α: 1H NMR (500 MHz, CDCl3) δ: 7.35 (d, J = 8.0 Hz, 1H), 7.34 – 7.26 (m, 7H), 7.26 
– 7.06 (m, 6H), 7.02 – 6.93 (m, 4H), 6.65 (s, 1H), 6.49 (s, 1H), 4.60 – 4.55 (m, 2H), 4.44 
(d, J = 11.9 Hz, 1H), 4.40 (d, J = 11.4 Hz, 1H), 4.30 (dt, J = 10.0, 2.3 Hz, 1H), 4.11 (dd, J = 
10.0, 5.4 Hz, 1H), 4.02 (dd, J = 15.7, 1.4 Hz, 1H), 3.94 (d, J = 5.4 Hz, 1H), 3.82 (dd, J = 
10.5, 1.9 Hz, 1H), 3.75 (dd, J = 10.5, 3.1 Hz, 1H), 3.68 (s, 3H), 3.65 (s, 3H), 3.38 (d, J = 
15.7 Hz, 1H), 0.15 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 200.8, 142.6, 138.8, 138.2, 
137.4, 137.1, 129.0, 128.9, 128.33, 128.32, 128.23, 128.19, 127.8, 127.6, 127.5, 127.2, 
121.6, 121.4, 119.9, 119.6, 118.8, 118.7, 113.6, 112.8, 112.1, 109.3, 109.1, 96.8, 79.7, 
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74.7, 73.7, 73.4, 72.3, 69.4, 35.9, 32.9, 32.7, 28.1, 1.4. HRMS (ESI+) calcd for 
[C50H46Co2N2O9Si+NH4]+ = 982.19751; found: 982.1980.
Reaction of 15a with thiophenol and BF3.OEt2. A solution of 15a (62.5 mg, 0.069 
mmol) and thiophenol (18.2 μL, 2.5 equiv., 0.173 mmol) in dry CH2Cl2 (3.5 mL) was 
treated at -78 oC with BF3.OEt2 (17.5 μL, 0.138 mmol) according to the General Method 
6.2. After 2 h of stirring, the crude material was purified by silica gel chromatography 
(hexane/ethyl acetate 98:2) to provide unreacted 15a (26.6 mg, 43%) along with 
thiophenol containing derivative 65a-α (18.5 mg, 29%, 72% corrected yield, based on 
recovered 15a). 
In a different experiment, compound 15a (71 mg, 0.078 mmol) was submitted to the 
same procedure but at -20 oC. After 1 h of reaction, workup and purification by flash 
chromatography, derivative 65a-α (55.2 mg, 76%) could be obtained. 
For 65a-α: 1H NMR (400 MHz, CDCl3) δ: 7.54 – 7.50 (m, 2H), 7.42 – 7.38 (m, 2H), 7.32 – 
7.28 (m, 4H), 7.25 – 7.12 (m, 9H), 7.05 – 7.01 (m, 2H), 6.95 – 6.91 (m, 2H), 4.59 (d, J = 
12.0 Hz, 1H), 4.49 – 4.42 (m, 2H), 4.39 (ddd, J = 10.1, 3.0, 1.8 Hz, 1H), 4.26 (d, J = 11.0 
Hz, 1H), 4.22 (dd, J = 10.1, 4.4 Hz, 1H), 4.13 (d, J = 11.0 Hz, 1H), 4.08 (d, J = 12.2 Hz, 1H), 
3.95 (dd, J = 10.7, 3.0 Hz, 1H), 3.88 (d, J = 12.2 Hz, 1H), 3.82 (dd, J = 10.7, 1.8 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 199.1, 148.1, 138.5, 138.2, 137.7, 136.9, 136.0, 134.3, 
133.3, 130.0, 129.6, 129.4, 129.0, 128.9, 128.8, 128.4, 128.3, 128.1, 127.9, 127.7, 
127.6, 127.4, 126.2, 106.5, 94.6, 75.0, 73.7, 72.4, 68.9, 50.3, 36.2. HRMS (ESI+) calcd 
for [C47H36Co2O9S2+H]+ = 927.0538; found: 927.0521. 
Reaction of 15c with thiophenol and BF3.OEt2. A solution of 15c (50.4 mg, 0.056 mmol) 
and thiophenol (19.7 μL, 2.5 equiv., 0.14 mmol) in dry CH2Cl2 (3.5 mL) was treated at -
20 oC with BF3.OEt2 (14 μL, 0.112 mmol) according to the General Method 6.2. After 2 h 
of stirring, the crude material was purified by silica gel chromatography (hexane/ethyl 
acetate 95:5) to provide 65c-α (36.6 mg, 71%). 
For 65c-α: 1H NMR (500 MHz, CDCl3) δ: 7.39 – 7.30 (m, 4H), 7.26 – 7.18 (m, 6H), 7.20 – 
7.07 (m, 8H), 6.90 – 6.85 (m, 2H), 4.53 (d, J = 11.7 Hz, 1H), 4.48 – 4.43 (m, 2H), 4.40 (d, 
J = 11.8 Hz, 1H), 4.30 (dt, J = 10.2, 2.3 Hz, 1H), 4.18 (d, J = 10.9 Hz, 1H), 4.10 – 4.04 (m, 
2H), 3.98 (d, J = 12.6 Hz, 1H), 3.88 (dd, J = 10.6, 2.8 Hz, 1H), 3.78 (dd, J = 10.6, 1.9 Hz, 
1H), 0.35 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 200.0, 148.0, 138.4, 137.8, 137.0, 136.0, 
133.4, 130.0, 129.2, 129.0, 128.38, 128.2, 128.1, 127.8, 127.7, 127.59, 127.4, 126.5, 
106.5, 93.9, 80.4, 75.0, 73.5, 72.3, 68.6, 49.8, 36.4, 1.4. HRMS (ESI+) calcd for 
[C44H40Co2S2O9Si+H]+ = 923.0620; found: 923.0558. 
Reaction of 15a with thiophenol and InBr3. A solution of 15a (69 mg, 0.076 mmol) and 
thiophenol (17.0 μL, 2.2 equiv., 0.167 mmol) in dry CH2Cl2 (5 mL) was treated with 
InBr3 (27 mg, 0.076 mmol) according to the General Method 6.1. After 30 min of 
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stirring and work-up, the crude material was purified by silica gel chromatography 
(hexane/ethyl acetate 98:2 to 95:5) to provide an 1.7:1 inseparable mixture of 65a-α 
and 65a- (37.2 mg, 42%). 
Decomplexation of cobalt-complexed enynes 65. A solution of the cobaltcomplex 
derivative 65 (55 mg, 0.06 mmol) in THF (6 mL) was treated with tetrabutylammonium 
fluoride trihydrate (TBAF) (17.2 mg, 0.07 mmol, 1.1 equiv.). The reaction mixture was 
stirred for 2 h and subsequently diluted with Et2O and washed with water. The 
combined organic layers were dried and concentrated. The residue was purified by 
silica column chromatography (hexane/ethyl acetate 9:1) to provide a pure sample of 
66-α. The C-3 epimeric derivative 66-, although detected, could not be isolated in 
pure form. 
For 66-α: 1H NMR (500 MHz, CDCl3) δ: 7.52 – 7.48 (m, 2H), 7.46 – 7.42 (m, 2H), 7.42 – 
7.39 (m, 2H), 7.37 – 7.28 (m, 8H), 7.25 – 7.17 (m, 9H), 6.91 – 6.87 (m, 2H), 4.61 (d, J = 
12.1 Hz, 1H), 4.53 (d, J = 12.1 Hz, 1H), 4.49 (d, J = 4.3 Hz, 1H), 4.34 (d, J = 13.7 Hz, 1H), 
4.29 (ddd, J = 10.0, 3.4, 2.4 Hz, 1H), 4.16 (d, J = 11.2 Hz, 1H), 4.10 (d, J = 11.2 Hz, 1H), 
3.99 (dd, J = 13.7, 0.7 Hz, 1H), 3.88 (dd, J = 10.0, 4.3 Hz, 1H), 3.85 – 3.83 (m, 2H). 13C 
NMR (126 MHz, CDCl3) δ 138.3, 137.5, 136.4, 136.3, 135.2, 133.2, 131.91, 131.88, 
129.12, 129.08, 129.00, 128.49, 128.45, 128.3, 128.1, 127.9, 127.8, 127.7, 127.5, 127.1, 
122.1, 113.5, 93.2, 82.5, 74.9, 73.7, 73.3, 72.2, 68.6, 48.8, 37.0. HRMS (ESI+) calcd for 
[C41H38S2O3+NH4]+ = 658.24441; found: 658.24597. 
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Ferrier-Nicholas Cations
S. Miranda, A. M. Gómez,* J. C. López* .................................................................... 1–21 
Diversity-Oriented Synthetic Endeavors of Newly Designed Ferrier and Ferrier-
Nicholas Systems Derived from 1-C-Alkynyl-2-deoxy-2-C-Methylene Pyranosides 
A new pyranose system for Ferrier-like reactions, 1-C-alkynyl-2-deoxy-2-C-
methylene pyranosides, which can be accessed by an efficient synthetic route from 
commercially available tri-O-acetyl-D-glucal, has been designed. These compounds can 
be transformed into their hexacarbonyldicobalt-alkynyl analogues, ready precursors of 
Ferrier-Nicholas cations, leading to derivatives with skeletal and functional diversity. 
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m/z Calc m/z Diff (ppm) Abund Formula Ion
538,2557 538,2377 18 10157 C37H32NO3 (M+H-H2O)+
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m/z Calc m/z Diff (ppm) Abund Formula Ion
833,0820 833,0843 - 1,84 161473 C42 H35 Co2 O11 (M+H)+ 
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m/z Calc m/z Diff (ppm) Abund Formula Ion
658,9855 658,9775 6,4 432376 C28H22Co2NaO10 (M+Na)+ 
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5.1. Introducción 
En este capítulo se ha incluido una publicación resultante de una estancia 
predoctoral de tres meses en la Universidad de Bristol con la Profesora Carmen Galán. 
La elección de la Universidad y el grupo de investigación para la estancia se llevó a 
cabo en base a que desarrollaba un trabajo relacionado con el que había estado llevando 
a cabo durante mi Tesis Doctoral. El grupo de la Dra. Galán empleaba de 1,2-glicales 
como productos de partida, pero sin embargo estudiaba procesos de adición 
estereoselectiva al doble enlace en vez de sustituciones alílicas con transposición. El 
grupo de la Dra. Galán estaba interesado en la síntesis estereoselectiva de 2-
desoxiglicósidos, un tema de gran interés en la química de carbohidratos y productos 
naturales.  
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Abstract 
The use of a bifunctional cinchona/thiourea organocatalyst for the direct and α-
stereoselective glycosylation of 2-nitrogalactals is demonstrated for the first time. The 
conditions are mild, practical, and applicable to a wide range of glycoside acceptors 
with products being isolated in good to excellent yields. The method is exemplified in 
the synthesis of mucin type Core 6 and 7 glycopeptides. 
Introduction 
The stereoselective synthesis of glycosides is still one of the remaining challenges 
in oligosaccharide synthesis. 2-Aminoglycosides, typically present in the N-acylated 
form, are an important class of glycans that are often found as integral components of 
biologically relevant oligosaccharides and glycoconjugates. In particular, 2-acetamido-
2-deoxy-D-O-galactopyranosides α-linked to the OH group of serine, threonine, or 
other glycosides are a common motif in a number of proteins such as mucins, cell 
membrane glycoproteins, blood group determinants, immunoglobulins, antifreeze 
glycoproteins, and glycoprotein hormones.1−4 In addition, 2-amino-2-deoxy-O-
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glycosides are also constituents of several nucleosides and aminoglycoside antibiotics, 
e.g. streptomycin, kanamycin B, neomycins, paromomycins, kasugamycin, 
pyranmycins, and lividomycins.5 Thus, these compounds represent an important 
synthetic target. However, despite many efforts in the area, the synthesis of 1,2-cis
aminoglycosides still remains particularly difficult since most common N-protecting 
groups (e.g., amides, carbamates) exhibit 1,2-trans-directing behavior during the 
glycosylation reaction favoring the formation of β-linked products.6 2-Nitroglycals have 
been shown to be useful glycosyl donors for the synthesis of aminoglycosides whereby 
the nitro group serves as a nonparticipating latent amino functionality.7−11 Base-
catalyzed conjugation of alcohols to 2-nitroglycals has been reported by the Schmidt 
group for forming α- and β-linked 2-amino-2-deoxy-O-glycosides.12 Moreover, the α/β-
selectivity of this concatenation reaction is highly dependent on the nature of the base 
and nucleophile employed in the reaction.6,13−1 
Stemming from our interest in the development of novel catalytic systems for the 
stereoselective synthesis of glycosides, 17−20 we decided to focus our efforts on the 
organocatalytic preparation of 2-deoxy-2-amino-O-galactosides. Herein, we report the 
development of a mild, efficient, and stereoselective bifunctional organocatalyst for 
the direct glycosylation of 2-nitrogalactals and its application in the synthesis of mucin 
type α-O-linked 2-acetamido-2-deoxy-glycoconjugates. 
Organocatalysis has been successfully applied to the synthesis of 
oligosaccharides.15,18−25 Our team reported the use of Schreiner’s thiourea to promote 
the highly α-selective glycosylation of galactals with a number of OH nucleophiles.20 
In addition, the organocatalytic enantioselective addition of soft carbon 
nucleophiles and thiols to nitroalkenes has been documented by various research 
groups.26−33 A common feature in all the catalytic systems employed in these conjugate 
addition reactions is the use of bifunctional catalysts that contains both a thiourea and 
a basic amine group. It is proposed that while the thiourea functionality coordinates to 
the nitro group, and thus increases the electrophilicity of the nitroalkene, the pendant 
amine activates and directs the addition of the nucleophile into the prochiral alkene 
(Figure 1).26,31,34 We hypothesized that such bifunctional organocatalysts would be 
ideally suited as mild promoters for the stereoselective glycosylation of 2-nitroglycals. 
Capítulo 5: Org. Lett. 2016, 18, 4222–4225. 
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Figure 1. Proposed general activation of nitroalkenes by bifunctional thiourea 
catalysts. 
Results and Discussion 
Our experiments began with a screening of a series of commercial bifunctional 
cinchona alkaloid/thiourea catalysts for their ability to promote the stereoselective 
glycosylation of perbenzylated 2-nitrogalactal 112 with glucoside acceptor 2.34 As 
summarized in Table 1, the glycosylation reaction with 10 mol % of urea 3a or thiourea 
3b35 in CH2Cl2 proceeded with good conversions to product 412 (79−81%) after 48 h, 
albeit giving an ∼1:1 α:β anomeric mixture (Table 1, entries 1 and 2). Changing the 
catalyst to the opposite pseudoenantiomer, as in thiourea 3c,35 did not cause any 
significant changes to the yield or stereochemical outcome of the reaction (Table 1, 
entry 3). It was also observed that the presence of both the (thio)urea and amine 
functionality were required for activity, as no reaction was observed when using 
thiourea 3f37 and very poor conversions were achieved with carbamate 3d38 or 
cinchona alkaloid 3e39 as the sole promoters after 48 h (Table 1, entries 4−6). 
Next, we decided to explore solvent effects using 3b as the model catalyst (see 
Table 1). Pleasingly, an increase in selectivity toward the desired α-anomer was 
achieved when using THF, toluene, trifluorotoluene, or 1,4-dioxane as the reaction 
solvent, with MeCN being the optimum choice affording the product in 87% yield and 
with an improved 4:1 α:β ratio (Table 1, entry 11). However, reactions carried out in 
DMF or DMSO were detrimental to the yield and stereocontrol (entries 12 and 13). 
These results are consistent with MeCN helping to stabilize a transient ion pair 
intermediate which leads to an enhancement of the stereochemical influence of the 
catalyst.40
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Table 1. Initial Catalyst and Solvent Screen in the Glycosylation of 2-
Nitrogalactal 1 
aFrom 1H NMR. N/A = not applicable. bReaction carried out at 82 °C. cReaction carried out at 90 °C. 
3a, 3c, and 3d were also screened in MeCN affording 4:1 α:β ratios, while 3e and 3f in MeCN 
yielded little (<15%) or no product, respectively. 
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To investigate if the spatial presentation of the key functionalities (thio)urea and 
amine could have an effect on the outcome of the reaction, additional catalysts, C-5ʹ 
substituted cinchona alkaloid/urea 3g,29 thiourea 3h,41 and bis-cinchona alkaloid 
thiourea 3i42 were prepared and subjected to the glycosylation reaction in MeCN at 
reflux as before. It was found that only thiourea 3i, (Table 2, entry 3) showed an 
increase in reactivity (94% conversion after 48 h) and a similar anomeric selectivity 
toward the α-product as observed with 3b (Table 1, entry 11). It is important to note 
that reactions carried out using a 10 mol % 1/1 mixture of 3e and 3f in MeCN 
proceeded in moderate yields of 55% after 48 h and gave an almost equimolar mixture 
of anomers (entry 4). These results further demonstrate that the 3D architecture of 
the catalyst is important for both reactivity and stereocontrol. 
Table 2. Catalyst Optimization in the Glycosylation of 2-Nitrogalactal 1 
aFrom 1H NMR. 
432 
While it is well-known that cinchona-based thioureas can selfassociate at either 
high catalyst loading or low temperatures and become less active catalysts,43−46 bis-
cinchona alkaloid organocatalysts such as 3i are designed to prevent any 
selfassociation,42,47,48 which should allow us to increase catalyst loadings in hopes of 
improving the reaction rate without erosion of diastereoselectivity. Further 
optimization of the reaction with 3i (Table 2, entries 5−9) established that a 30 mol % 
catalyst loading shortened reaction times and glycoside products were obtained in 
82−87% yield after 16−24 h (entries 7 and 8), with higher catalyst loadings not offering 
any further improvements (entry 9). 
Having established optimal reaction conditions, our attention was then turned to 
exploring the scope of the organocatalytic glycosylation using a range of versatile 
building blocks (Table 3). In general, glycosylations involving glycosyl donors 1 and 5, 
which were prepared from commercial D-galactal (see Supporting Information for 
details), and both reactive and sterically hindered acceptors in the presence of 3i
proceeded in moderate to excellent yields within 16−48 h, demonstrating that the 
catalyst tolerates the presence of acetals, alkenes, ethers, esters, and carbamates. 
Glycosylations with primary alcohols afforded high yields with a preference for the α-
products. Thus, glycosides 6a, 6b, 7a, 7b, and 7c were isolated in 96−85% yields and 
2:1 to 4:1 α:β ratios. Interestingly, reactions with glycosyl acceptors bearing electron-
withdrawing protecting groups afforded disaccharides (6c and 6d) with complete α-
stereocontrol, albeit in moderate yields (45%).49 It is well-established that disarming 
substituents reduce the electron density of the neighboring hydroxyl group, lowering 
its nucleophilicity and this has been shown to improve stereoselectivity, as the 
reaction can be carried out in a more controlled manner.50 Pleasingly, glycosylations of 
benzyl-protected 1 with Boc-functionalized serine or threonine proceeded smoothly to 
give the corresponding glyco-conjugates 6e51 and 6f14,51 in 83% and 60% yield, 
respectively, and with a 3:1 α:β anomeric selectivity. It is noteworthy that reaction of 
C-6 silyl protected galactal 2 and protected serine afforded 7d with an improved α:β
ratio of 9:1 and 74% yield. 
To showcase the methodology, the synthesis of mucin-type Core 6 and 7 
glycoconjugates52−54 10 and 13 was attempted using the developed organocatalytic 
conditions (Scheme 1). Starting from α-linked 2-nitrogalactoside 7d, selective silyl 
ether removal with TBAF afforded monohydroxylated 8 in 82% yield, ready to be 
glycosylated. Glycosylation of 8 with O-benzylprotected 2-nitrogalactal 1 using 30 mol 
% of 3i in MeCN afforded Core 6 disaccharide 9 in 60% yield as a separable 3:2 α:β
mixture. The presence of a C-2 nitro group in both the donor and acceptor that can 
interact with the catalyst may account for the loss of stereoselectivity in this reaction. 
Reduction of the nitro groups from α-glycoside 9 using Zn/HCl in a mixture of 
AcOH/THF/H2O, followed by N-acetylation with acetic anhydride in pyridine, furnished  
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Table 3. Glycosylation of 2-Nitrogalactals 1 and 5 with a Variety of 
Glycosyl Acceptors. 
aBoth anomers were separated by flash column chromatography, see the Supporting 
Information for details. 
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target 10 in 78% yield over the two steps. Alternatively, glycosylation of 8 using N-
Troc-protected glucosamine donor 11 yielded Core 7 disaccharide 12 in 86% yield and
with complete β-stereocontrol. Concomitant Zn reduction of the nitro and NHTroc 
protecting groups in 12 and subsequent N-acetylation performed using the same 
reaction conditions as before afforded 13 in 40% yield over the two steps. 
Scheme 1. Synthesis of Mucin-Type Core 6 and 7 Glycosides 10 and 13 
Capítulo 5: Org. Lett. 2016, 18, 4222–4225. 
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Conclusion 
In conclusion, we have described the first application of a bifunctional 
cinchona/thiourea organocatalyst for the direct and stereoselective glycosylation of 2-
nitrogalactals to afford α-O-linked-2-amino-2-deoxygalactosides in moderate to 
excellent yields. The method is mild, practical, and widely applicable to a range of 
nucleophile acceptors. Furthermore, we have demonstrated the applicability of the 
catalyst in the synthesis of Core 6 and 7 mucin-type α-O-linked glycoconjugates. 
Overall, the results reported herein demonstrate that in addition to solvent effects and 
the influence of the nucleophile acceptor, a chiral organocatalyst can be used to affect 
the stereo-outcome of these glycosylation reactions. Efforts are currently underway to 
develop new and improved organocatalytic systems that can give us complete 
stereocontrol. 
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En esta Tesis Doctoral se ha estudiado la síntesis y la reactividad de tres sistemas 
polifuncionalizados derivados de piranosas, que han sido denominados sistemas Ferrier-
Nicholas. Estos sistemas habían sido diseñados como una combinación de cationes 
alílicos (tipo Ferrier) y propargílicos, estos últimos en forma de derivados de alquinil-
hexacarbonildicobalto (cationes de Nicholas) en anillos de piranosa.  
Desde el punto de vista sintético, se han desarrollado esquemas sintéticos para la 
preparación de cada uno de los tres precursores. Las diferentes estrategias han permitido 
la generación de los derivados poliinsaturados de manera eficiente a partir de un 
compuesto comercialmente asequible: tri-O-acetil-D-glucal. 
El estudio del primer sistema, construido a partir de un derivado de un C-1-alquinil 
D-glucal, ha servido para demostrar que estos compuestos pueden ser de utilidad en la 
generación de productos con diversidad de esqueleto, en el contexto más amplio de 
síntesis orientada a diversidad, introducido por Schreiber. Como dato relevante de estos 
sistemas se encontró que la sustitución en C-6 puede jugar un papel fundamental en la 
reactividad, y como consecuencia en la naturaleza de los productos de reacción 
generados: 
a) La reacción de glicales 6-O-bencilados en presencia de BF3.OEt2 condujo de 
manera completamente estereoselectiva a nuevos derivados oxepánicos, así como a 
1,6-anhidro derivados. Se ha podido demostrar, en el curso de este trabajo, que el 
proceso de expansión de anillo conducente a oxepanos transcurre mediante 
diferentes etapas de reacción que incluyen una transposición-1,6 de hidruro para 
generar un catión tipo bencílico intermedio, el cual experimenta una formación de 
enlace C-C mediante reacción de ciclación de Prins, y finalmente un proceso de 
retrocetalización con expansión de anillo. Por otro lado, la hidrólisis del cation 
bencílico intermedio es la responsable de la formación de los 1,6-anhidro 
derivados. Se pudo comprobar que el sustituyente en la posición terminal del 
alquino ejerce una gran influencia en la relación: oxepano/1,6-anhidro pirano, de tal 
manera que alquinos terminales favorecen la formación de oxepano frente a 
derivados 1,6-anhidro (11:1). 
b) El empleo de derivados 6-O-alilados produjo derivados tricíclicos a través 
de una serie de reacciones análogas a la de los derivados 6-O-bencilados (catión 
alílico en vez de bencílico), seguida de una reacción de ciclación de Pauson-Khand.  
c) La introducción de un sustituyente sililado en O-6 (triisopropilsililo) fue 
capaz de prevenir la transposición 1,6-de hidruro provocando un cambio en la 
reactividad del sistema, de tal manera que en presencia de acidos de Lewis y 
nucleófilos los derivados 6-O-triisopropilo condujeron a: i) C-piranosas sustituidas 
en C-3, ii) C-piranosas sustituidas en C-1 y C-3, iii) derivados de cadena abierta C-
3 sustituidos, ó iv) bis-C,C-glicósidos, dependiendo del nucleófilo empleado. 
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d) Por último, el empleo de derivados con una función hidroxilo libre en C-6 
conduce la reacción hacia la formación de sistemas de tetrahidrofurano ramificados, 
mediante una contracción de anillo y, donde el grupo hidroxilo en C-6 se comporta 
como nucleófilo. 
El segundo tipo de derivados estudiado, glicales con un sustituyente C-3-alquinil-
hexacarbonildicobalto, reacciona con nucleófilos oxigenados y carbonados para generar 
O-glicósidos y C-glicósidos, respectivamente, de manera estereocontrolada. Estos 
sistemas cobaltados tienen una reactividad marcadamente superior a los 
correspondientes derivados C-3 alquinílicos descobaltados, en el mismo tipo de 
reacciones. La diferencia de reactividad entre ambos sistemas se puso de manifiesto en 
la formación de sistemas de cadena abierta con sustituyentes 1,1-bis-indolilo a partir de 
glicales tipo Nicholas-Ferrier (con sustituyente C-3-alquinil-hexacarbonildicobalto), 
frente a piranosas C-1 indolil sustituidas a partir de C-3-alquinil glicales. 
Por último, se ha llevado a cabo la preparación de un nuevo tipo de compuestos: 1-
C-alquinil-2-desoxi-2-C-metilen-glicales, así como el de sus correspondientes derivados 
hexacarbonildicobaltados, bajo la hipótesis de que estos últimos podrían conducir a 
sistemas bis-funcionalizados en las posiciones C-1 y C-2’ del anillo de piranosa. Si bien 
esta hipótesis manifestó ser correcta y los derivados de Ferrier-Nicholas condujeron a 
los derivados bis-funcionalizados deseados (C-2’,C-3-sustituidos), los sistemas 
descobaltados probaron tener un comportamiento más versátil en el contexto de síntesis 
orientada a diversidad. A partir de éstos derivados se pudo obtener: derivados de cadena 
abierta por hidrólisis en medio ácido, 1,2-didesoxi-piranósidos-2-C-sustituidos por 
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DOI: 10.1039/9781782626657-00210
The transformation of glycals (1,2-unsaturated cyclic carbohydrate derivatives) into
2,3-unsaturated glycosyl derivatives, currently termed Ferrier rearrangement, is a well-
established synthetic procedure with ample use in the fields of carbohydrate and organic
chemistry. This article highlights the developments in the Ferrier rearrangement published
in the literature since the last review, in 2013, to early 2016.
1 Introduction
The transformation of pyranose glycals (1,5-anhydrohex-1-enitols, e.g. 1)
into allylic glycosides, e.g. 3,1 a formal allylic glycosylation, has come to
be known as Ferrier rearrangement (FR)2 or Ferrier I reaction
(Scheme 1).3 This topic, which continues to be the most investigated
chemical transformation of glycals, has been the subject of several
reviews over the years,4 the latest having appeared in 2013.5,6 The present
account summarizes developments in the Ferrier rearrangement that
have emerged in the literature over the last two years.
In general, the Ferrier reaction can be considered as an allylic
rearrangement, which implies displacement of the C-3 substituent of a
glycal, followed by attack of a given (O-, N-, C- or S-) nucleophile at the
anomeric (C-1) position of an intermediate allylic oxycarbenium ion, 2.
The latter reacts with nucleophilic species to provide mixtures of adducts
(3) in which the pseudoaxial glycosides predominate.
Early studies on the FR were carried out with simple Lewis acids such
as BF3 OEt2, as promoters.7 Subsequently, a large number of catalysts
including a variety of Lewis acids, Brønsted acids, and oxidants have been
reported. More recently, transition-metal activation of suitably designed
glycals has also been reported.
2 Pd-catalyzed Ferrier rearrangement
The difficulty in the formation and the poor reactivity of Pd-p-allyl
intermediates in electron-rich glycal systems have been recognized as
major challenges for the palladium-catalyzed Ferrier rearrangement.6
In a series of recent contributions, Liu and coworkers have evaluated
the potential of the palladium-catalyzed decarboxylative reaction in the
synthesis of allylic glycosyl derivatives. In this context, they described a
palladium-catalyzed stereo- and regioselective C-glycosylation process
based on an intramolecular decarboxylative coupling.8 Initial studies
with glycal derived b-ketoesters, e.g. 4, allowed the authors to identify
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Pd(OAc)2 and 1,10-bis(diisopropylphosphino)ferrocene (DiPPF) (toluene,
60 1C, 2 h) as the optimized reagents and conditions for the completely
b-stereoselective, preparation of C-glycosyl derivatives type 6 (Scheme 2).
This reaction was applied to the stereoselective preparation of a range of
b-C-glycosyl derivatives 6a–e, which could be obtained in moderate to
good yields (Scheme 2).8
In order to prove that a palladium-catalyzed decarboxylative allylation
mechanism, rather than an intramolecular Carroll rearrangement,9 was
taking place, the authors designed a crossover experiment involving the
decarboxylative coupling reaction between two different glycal derived
b-ketoesters. The reaction took place leading to four (rather than two)
different C-glycosyl derivatives, thus showing that complete scrambling
of the anomeric substituents had taken place. This result indicated that
the palladium-promoted ionization leading to 5 (Scheme 2) takes place at
the beginning of the reaction and an intramolecular rearrangement
pathway was not involved.8
The method, however, when applied to C-3 epimeric b-ketoesters, i.e. 7,





























































Scheme 2 Liu and coworkers stereoselective palladium-catalyzed decarboxylative
C-glycosylation leading to b-C-glycosyl derivatives 6.






























































































of a/b glycosyl derivatives were obtained (Scheme 3).8 The authors as-
cribed this behavior to an outer-sphere mechanism in the reaction, in
which the attack of the ketone enolate anion resulting from ionization
might approach the allyl group from the face opposite to the Pd-complex.
A related palladium-catalyzed decarboxylative allylation was sub-
sequently developed, which allowed access to b-O-glycosides from glycal
carbonates.10 The reaction was first explored with phenolic carbonate
substrates, i.e. 9, prepared from 4,6-p-methoxybenzylidene-1,5-anhydro-2-
deoxy-D-arabino-hex-1-enitol (not recommended trivial name: 4,6-p-
methoxybenzylidene D-glucal)y and various phenolic (thiophenolic) acyl
chlorides under the optimized conditions shown in Scheme 4. Substrates
with alkyl substituted phenolic groups furnished products in excellent
yields, i.e. 10b, whereas substrates with bromide moieties gave lower
yieds, i.e. 10c, 10d, and the 2-iodo substituted phenolic derivative 10e
could not be obtained, probably due to a preferred oxidative addition of
the aromatic ring, as stated by the authors. Thiophenolic substrates, on
the other hand, also reacted under these conditions leading to allylic
thioglycosides, e.g. 10f (Scheme 4).10
This protocol also proved useful with aliphatic alcohols, besides phe-
nols, which significantly expanded the scope of the palladium-catalyzed
decarboxylation by allowing the preparation of disaccharides. The opti-
mized reaction conditions for the new transformation involved a change
in the ligand from DiPPF to 1,10-bis(di-tert-butylphosphino)ferrocene
(DtBPF), and an increase in the reaction temperature (Scheme 5). The
method proved to be compatible with a variety of protecting groups.10
Liu and coworkers, have been able to obviate the preparation of the
complex starting carbonate substrates employed in these glycosylations
by using a glycal-derived ethyl carbonate, i.e. 13, in the presence of a base
and an external nucleophile (NuH, Scheme 6).11 The mechanism, as
proposed by the authors, starts with the traditional palladium-catalyzed
decarboxylative allylation reaction to generate the palladium intermedi-
ate 14, which in the presence of an external nucleophile evolves (by a
proton transfer between the ethoxide anion and the NuH) to yield Pd-
intermediate 15. The latter then proceeds to b-glycoside 6 (Scheme 6).
yThe term ‘‘glucal’’ is a not recommended trivial name for the cyclic enol ether
with a double bond between carbon atoms 1 and 2 of the ring, synthesized
starting from glucose derivatives, because it does not exhibit a gluco configur-



























Scheme 3 Decarboxylative C-glycosylation of compound 7.






























































































This transformation proved to be sensitive to the temperature and the
base employed (chemical properties and loading). Thus, when less than
0.5 equiv. of base was used, the a-isomer was obtained as the major
product, while exclusive b-selectivity was observed with more than 0.5
equiv. of base. The optimized reaction conditions were found to be
Cs2CO3 (2.0 equiv.) as the base, Pd(dba)3 (10 mol%) as the catalyst, and
DtBPF (20 mol-%) as the ligand, in toluene at 60 1C.11
Accordingly, the reaction could be applied to phenols and aliphatic
alcohols as external nucleophiles, allowing access to a variety of
O-glycosides. A remarkable example of the usefulness of this approach is
the synthesis of trisaccharide 21 (Scheme 7). Thus, iterative palladium-
catalyzed intermolecular O-glycosylation of glycal 17 with glycal carbon-
ates 16 and 20, the latter arising by protecting group manipulation of the
initially obtained disaccharide 18, paved the way for the stereoselective



















































(X = O, S)















































Scheme 5 Palladium-catalyzed O-glycosylation of glycal carbonates 11 leading to
disaccharides 12.






























































































More recently, Liu and coworkers have developed an elegant strategy
for stereoselective allylic O-glycosylation based on a palladium-catalyzed
(inner-sphere or outer-sphere) glycosylation with 3-O-picoloyl glycal type
donors, e.g. 22 (Scheme 8).12 In their protocol, the picoloyl group func-
tioned both as a leaving group and a coordinating group. The (a- or b-)
selectivities were controlled by the nature of the nucleophiles employed.
Thus, reaction of 22 with softer nucleophiles (phenols) proceeds through
an outer-sphere mechanism in which the nucleophilic substitution from
the opposite face of the Pd-complex (23) is preferred to give a a-glycoside
24 (path A, Scheme 8). Conversely, harder nucleophiles (alcohols, phen-
oxides) in the presence of a base, prefer to coordinate to the palladium(II)
center to generate an intermediate 26 from which a b-glycoside 27 is
formed by intramolecular nucleophilic addition (path B, Scheme 8).12
The optimized reaction conditions with soft nucleophiles (e.g.,
phenols) to give a-glycosides 24, were found to be Pd(PPh3)4 (10 mol%)
as catalyst, and 1,4-bis(diphenylphosphino)butane (dppb) (20 mol%)
as ligand in CH2Cl2 at 60 1C for 48 h (Scheme 9). The presence of
Et3N under, otherwise, identical reaction conditions led to improved
b-selectivities in the reaction of harder nucleophiles leading to b-glycosides
27 (Scheme 9).12
The methodology when applied to the C-3 epimer of 22 took place
according to the mechanistic aspects proposed by Liu and coworkers.
Therefore, reaction of C3-epi 22 (Scheme 10) with phenols and alcohols
provided b-glycosides, and a-glycosides, respectively, in a stereoselective
manner.12
3-O-Picoloyl glycal derivative 22 has also been successfully used as
the glycosyl donor on a palladium-catalyzed allylation reaction with
various N-heterocyclic nucleophiles leading to b-N-glycosyl derivatives





























Scheme 6 Liu and coworkers’ proposed mechanism for the intermolecular palladium-
catalyzed O-glycosylation of glycal carbonates 13 leading to C-glycosyl derivatives 6.























































































































18 R = TBS
19 R = H














































































































































































































































































































































CH2Cl2, 60 oC, 48 h
[PdPPh3)4], dppb
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Finally, Liu and coworkers have employed the decarboxylative
allylation approach to the one-pot synthesis of allylic N-glycosyl imidazole
analogues, e.g. 32, by reaction of 3-OH glycals, i.e. 29, with carbonyl di-
imidazole derivatives, (30) in the presence of Pd(PPh3)4, which takes place
via in situ formed intermediate allylic carbamates, i.e. 31 (Scheme 12).14
The reaction proceeded well with D-glycal substrates to give the
corresponding N-glycosyl derivatives, e.g. 32c and 32d, respectively, and
with 2-substituted carbonyl diimidazole analogues to give the desired
allylic N-glycosyl derivatives, e.g. 32b. Further examples involving purine
and adenine type carbonyl derivatives also yielded the desired N-glycosyl
heterocycles. On the other hand, the method proved to be stereoselective,
and D-glycal derivative 33 furnished a-32a as the major compound, with a
ratio a : b¼ 17 : 1 (Scheme 13).14 The method was also applied to the
synthesis of N-furanosyl derivatives, which took place although with poor
stereoselectivity.14
The palladium catalyzed bis(O-arylation) of 6-O-tert-butyldiphenylsilyl-
3,4-di-O-isobutoxycarbonyl-D-glycal 34 with various phenols has been
recently studied.15 Thus, initial studies showed that dicarbonate 34 re-
acted with 2,5-dimethylphenol in the presence of Pd2(dba)3 as catalyst, in
THF (60 1C) to give a mixture of 2,3-unsaturated glycoside 35a and 3,4-
unsaturated isomer 35b (Scheme 14). The ratio of isomeric glycosides
35a : 35b, was found to be highly influenced by the ligand employed in
the reaction. This tendency proved to be general with a variety of phenols,
and dppe or dppb showed to be the best ligands in terms of overall yields.
Better selectivity, however, in favor of the 2,3-unsaturated isomers was
observed when dppe was used as ligand.
The proposed reaction pathway for this transformation invokes the
reaction of two different Pd-p-allyl intermediates 36 and 38, which react
with the phenol nucleophiles (Scheme 15). The first reaction, leading to
37, is regio- and stereoselective, whereas the phenol addition to 38 is
stereoselective (Scheme 14). Thus, the attack of the nucleophile in 38 can



































Scheme 10 Palladium-catalyzed O-glycosylation of alcohols and phenols with C3-epi-22.














































































































































98%, β/α = 36:1
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80% a:b = 17 : 1














































































































































































































































































































2,3-unsaturated glycoside 39 and its 3,4-unsaturated isomer 40,
respectively.15
The reaction of 34 with a variety of phenols was studied in the presence
of the less discriminating ligand dppb (Scheme 16). Accordingly, reaction
with 2,3-dimethylphenol and 2,4-dimethylphenol gave the isomeric
glycoside pairs 39a, 40a, and 39b, 40b, in similar overall yields, 63% and
60%, respectively. A striking different behavior was noted in the reaction
of 34 with 3-methoxyphenol and 4-methoxyphenol. Thus, 3-methoxy-
phenol gave 39c and 40c in low yield (43% combined yield), the former
being the major isomer, whereas reaction with 4-methoxyphenol
produced with good overall yield (66%) a mixture in which the 3,4-
unsaturated isomer (40d) prevailed. Reaction of 34 with 4-chlorophenol
furnished a mixture of glycosides 39e and 40e in low yield (28%).15
3 Lewis-acid catalyzed Ferrier rearrangement
The highest number of recent contributions on the Ferrier rearrange-
ment had, again, focused on the use of different Lewis acids as promo-
tors. Despite this fact, BF3 OEt2, the original Lewis acid used in this
transformation, has still found application in the Ferrier double
glycosylation of the acid-sensitive carotenoid zeaxanthin with tri-O-acetyl-
D-glycal 41 to give bis(glycoside) 42 (Scheme 17).16
3.1 Metal triflates as catalysts
The continuous search for mild, efficient, Lewis acid catalysts for the
Ferrier rearrangement has resulted in the screening of copper(II) triflate
for O-glycosylation,17 and zinc(II) triflate for O- and S-glycosylation,18
N-glycosylation,19 and C-glycosylation.20 Additionally, the screening of
several salts of yttrium, samarium, thulium, and gadolinium, have revealed
that their corresponding triflates, Y(OTf)3 (O- and S-glycosylation),
21 Sm(OTf)3
(O- and S-glycosylation),22 Tm(OTf)3 (O-, S-, and C-glycosylation),
23 Gd(OTf)3
(O-, S-, and C-glycosylation),24 respectively, were the best reagents to
































Scheme 16 Palladium catalyzed bis(O-arylation) reaction of D-glycal derivative 34 with
different phenols (yields of isolated compounds are shown).
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A comparative study on the Ferrier O-glycosylation of either benzyl
alcohol or ethanol with tri-O-acetyl-D-glycal 41 mediated by these metal
triflates (Scheme 18) has been compiled in Table 1. In all cases, the use 10
mol% catalyst was recommended. The Ferrier rearrangement of 41, in the
presence of BnOH, mediated by Cu(OTf)2 or Zn(OTf)2 gave similar results
in terms of yield and a :b selectivity, however, Zn(OTf)2 required a con-
siderable higher temperature and more prolonged reaction time than
Cu(OTf)2 for the reaction to proceed (Table 1, entries i, ii). The best reac-
tion conditions for Ferrier O-glycosylations mediated by Y(OTf)3, Sm(OTf)3,
Tm(OTf)3 and Gd(OTf)3 were acetonitrile and 40 1C, respectively (Table 1,
entries iii–viii). Under these conditions, the isolated glycoside yields were
similar for all catalysts, although Tm(OTf)3 and Gd(OTf)3 appear to give
highest a :b selectivities (Table 1, entries vi and viii).
Reaction of 41 with various phenols in the presence of Y(OTf)3,
Sm(OTf)3, Tm(OTf)3 or Gd(OTf)3 proceeded to the corresponding
O-glycosides, in moderate to good yields, with exclusive a-selectivity in
most cases.21–24 Conversely, the reaction 41 with 1-naphtol mediated by
Zn(OTf)2 gave an a,b-mixture of C-glycosyl derivatives (72%, 2 : 1 ratio),
more likely by O-glycoside to-C-glycosyl derivative rearrangement in the
reaction media.6 On the other hand, Y(OTf)3
21 and Gd(OTf)3
24 were
reported to activate 3,4,6-tri-O-benzyl-D-glycal 45, less reactive than its
acylated counterpart 41, in Ferrier O-glycosylation processes leading to
allylic glycosides 46 (Scheme 19).
Regarding C-glycosylation, Zn(OTf)2, Tm(OTf)3, and Gd(OTf)3 have
been reported to mediate on the Ferrier rearrangement in the presence of
C-nucleophiles. Several nucleophiles were used in these studies includ-
ing silanes and enolsilanes. A wider range of C-nucleophiles was
screened in the case of Zn(OTf)2 as catalyst.












43 R = Bn; 44 R = Et
OR
Scheme 18 Lewis-acid triflates as catalysts in the Ferrier glycosylation of 41.
Table 1 A comparison of the catalytic effect of different Lewis-acid triflates (10 mol %) in
the Ferrier rearrangement of tri-O-acetyl D-glycal 41.
Entry Catalyst Alcohol Solvent Temperature Time (min) Yield a : b Ratio Ref.
i Cu(OTf)2 BnOH CH3CN r.t. 10 98 7.3 : 1 17
ii Zn(OTf)2 BnOH ClCH2CH2Cl 40 1C 240 98 7.3 : 1 18
iii Y(OTf)3 BnOH CH3CN 40 1C 10 85 9 : 1 21
iv Y(OTf)3 EtOH CH3CN 40 1C 15 91 17 : 1 21
v Sm(OTf)3 EtOH CH3CN 40 1C 10 88 33 : 1 22
vi Tm(OTf)3 EtOH CH3CN 40 1C 30 88 50 : 1 23
vii Gd(OTf)3 EtOH CH3CN 40 1C 30 91 8.1 : 1 24
viii Gd(OTf)3 BnOH CH3CN 40 1C 25 92 a-only 24






























































































the results of the reaction of D-glycal derivatives 41 and 45 with allyl-
trimethylsilane, and trimethylsilylcyanide leading to C-glycosyl deriva-
tives 47–50 (Scheme 20), have been collected in Table 2. All the reactions
were best carried out at 40 1C. Reactions with Tm(OTf)3, and Gd(OTf)3
were performed in acetonitrile, whereas 1,2-dichloroethane (DCE) was
















Y(OTf)3,   40 oC, 90 min, 65%,  =  4:1
Gd(OTf)3, 60 oC, 60 min, 91%,  = 7.3:1
Scheme 19 Ferrier rearrangement of 3,4,6-tri-O-benzyl-D-glycal 45 catalyzed by




















47 Nu = allyl
48 Nu = CN
49 Nu = allyl
50 Nu = CN






Scheme 20 C-Glycosylation of D-glycal derivatives 41 and 45, with allyltrimethylsilane
and trimethylsilylcyanide.
Table 2 A comparison of the catalytic effect of different Lewis-acid triflates (10 mol %) in
the Ferrier C-glycosylation of D-glycal derivatives 41 and 45.
Entry Catalyst Glucal NuTMS Solvent
Time
(min) Product, Yield, a :b ratio Ref.
i Gd(OTf)3 41 AllylTMS CH3CN 40 47, 88%, a-only 24
ii Gd(OTf)3 41 TMSCN CH3CN 90 48, 85%, a-only 24
iii Tm(OTf)3 41 AllylTMS CH3CN 120 47, 88%, a-only 23
iv Tm(OTf)3 41 TMSCN CH3CN 120 48, 85%, a-only 23
v Zn(OTf)2 41 AllylTMS ClCH2CH2Cl 60 47, 97%, a499% 20
vi Zn(OTf)2 41 TMSCN ClCH2CH2Cl 60 48, 98%, 2 : 1 20
vii Gd(OTf)3 45 AllylTMS CH3CN 25 49, 68%, a-only 24
viii Gd(OTf)3 45 TMSCN CH3CN 130 50, 67%, 4 : 1 24
ix Zn(OTf)2 45 AllylTMS ClCH2CH2Cl 120 49, 95%, a-only 20
x Zn(OTf)2 45 TMSCN ClCH2CH2Cl 120 50, 98%, 2 : 1 20






























































































yields of C-glycosyl derivatives were generally obtained by use of Zn(OTf)2
(Table 2, entries v, vi, ix and x), whereas this catalyst gave poorer a:b
selectivities in C-glycosylation with TMSCN (Table 2, entries vi and x).
Finally, Ferrier N-glycosylation of D-glycal 41 was also reported with




N-nucleophiles could be used, and the results of the reaction of 41 with
methane sulphonamide to give 51 are displayed in Scheme 21. In line
with previous results, glycosylation with Zn(OTf)2 as catalyst gave better
yields of N-glycosyl derivative 51, although poorer a : b selectivities.
3.2 Metal halides as catalysts
The use of several metal halides has been reported in connection with
Ferrier rearrangement processes. Among them, RuCl3, ZnBr2 and
supported FeCl3, have been used in O-glycosylation reactions, whereas
C-glycosylation of acetylated glycals has been described in the presence of
RuCl3, FeCl3 and SnX4 (X¼Cl, Br).
The use of RuCl3 as catalyst in the Ferrier O-glycosylation has been
independently reported by two research groups.25,26 Chen and Lin
described the use of RuCl3  3H2O,25 whereas non-hydrated RuCl3 was
employed by Krishna, Kashyap and coworkers,26 which resulted in some
differences in efficiency. Thus, reaction of benzyl alcohol with D-glycal 41
in acetonitrile, in the presence of RuCl3  3H2O (10 mol%) took place at
40 1C (10 min) to give benzyl glycoside 43 in 81% yield (a : b, 7 : 1)
(Scheme 22a).25 On the other hand, when RuCl3 (10 mol%) was used as
catalyst, the reaction was completed within five minutes at room tem-
perature (r.t.). Further optimization concluded with the synthesis of
benzyl glycoside 43 (98% yield, a : b¼ 6.7 : 1) with RuCl3 (2 mol%) in
acetonitrile at r.t. within 15 minutes (Scheme 22b).26 Microwave-assisted
ZnBr2 catalyzed O-glycosylation has been applied to hindered phenols
and alcohols.27 Formation of benzyl glycoside 43 (93% yield, a : b, 3 : 1)
under this reaction conditions was carried out in CHCl3 under microwave
(MW) irradiation (Scheme 22c).27 Finally, recyclable FeCl3  6H2O sup-
ported on carbon (FeCl3  6H2O/C) was used in the preparation of 2,3-
unsaturated O- and S-glycosides.28 The method when applied to BnOH as
nucleophile furnished glycoside 43 in excellent yield (99%) and with good













Y(OTf)3,    CH3CN,          20 min, 85%,   α-only










Scheme 21 N-Glycosylation of methane sulphonamide with D-glycal 41, under various
metal triflate catalysts.






























































































C-Glycosylation of several acetylated and benzylated glycals has also
been described with RuCl3 (5 mol%) as catalyst (CH3CN, r.t.).
29 Accord-
ingly, various nucleophiles such as allyl trimethylsilane, trimethylsilyl
cyanide, as well as thiophene furnished the expected C-glycosyl deriva-
tives. Conversely, analogous reaction of 41 with furan resulted in the
formation of a C-3 adduct, rather than the expected C-glycosylated
compound at C-1 (Scheme 23).29,30
Liu and coworkers have described the use of FeCl3 in an interesting
decarboxylative C-glycosylation of glycals with b-keto acids.31 The reaction
was applied to various acetylated glycals, i.e. 52, and gave moderate yields of










(a) RuCl3.3H2O, 10 mol %, CH3CN, 40 oC,          10 min,  81%, α:β = 7:1;  Ref. 25
(b) RuCl3,           2 mol %, CH3CN, r.t.,                15 min, 98%, α:β = 6.7:1; Ref. 26
α:β
BnOH
(c) ZnBr2, 10 mol %, CHCl3, MW (400W), 72 oC, 25 min, 93%, α:β = 3:1;   Ref. 27
(d) FeCl3.6H2O/C, 5 mol %, CH2Cl2, r.t.,              10 min, 99%, α:β = 8:1;   Ref. 28






RuCl3 (5 mol %)









RuCl3 (5 mol %)




























FeCl3 (10 mol %), CHCl3, r.t., 5 h
α:β
Scheme 24 Decarboxylative C-glycosylation of b-keto acids with acylated glycals.






























































































Good a :b selectivities were only observed in the reaction of D-galactal
derivatives with bulky b-keto acids bearing phenyl moieties.
Wieczoreck and Thiem have also reported an interesting transforma-
tion related to Ferrier-type C-glycosylation. They found that the reaction
of tri-O-acetyl-D-glycal 41 with phenyl acetylene in the presence of SnBr4
(CH2Cl2, 45 1C) produced the pure a-anomer 54 embodying a C–C
linked (E)-2-bromo-2-phenylvinyl group as the sole reaction product
(Scheme 25).32 A related reaction with SnCl4 provided the analogous
derivative 55.
3.3 Iodine and iodine-related promotors
Recognition that iodine could be used as a mild and effective Lewis acid
to induce Ferrier rearrangement came in the mid-1990s.33,34 Since then,
the use of iodine in Ferrier-type glycosylation has been firmly established.
In this context, an initial contribution by Saeeng’s group had already
shown that the reaction of glycals in the presence of iodine/cupric
acetate produced 2-deoxy-2-iodoglycosides, rather than the expected
2,3-unsaturated glycosides.35 In a recent report, the same group has
described the one-pot synthesis of 2,3-unsaturated-glycosyl triazoles, i.e.
56, from tri-O-acetyl glycal 41, by tandem iodine-mediated Ferrier
O-glycosylation of alkynyl alcohols in CH2Cl2, followed by CuI triggered
click reaction, in CH3CN, with a suitable azide derivative (Scheme 26).
36
More recently, they have explored the use of iodine monobromide (IBr)
as an alternative catalyst for the Ferrier rearrangement of D-glycal 41
in the presence of several alcohols.37 By use of this methodology (IBr,
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Scheme 25 C-Vinylation by Ferrier rearrangement.






























































































alcohol with tri-O-benzyl-D-glycal 41 in toluene/CH2Cl2 (1 : 1) (0–20 1C) in
89% yield (a : b¼ 4 : 1).
Iodine has been used in the O-glycosylation of Fmoc protected amino
acid derivatives (serine, threonine and tyrosine) with acylated glycals in
CH2Cl2, to give the desired O-glycosylated Fmoc amino acid derivatives in
yields ranging from 33% to 89%, and with a : b selectivities higher than
9 : 1.38 Iodine has also been reported as catalyst in the aza-Ferrier
rearrangement of glycals with amides. Then, the use of equimolar
amounts of iodine (1.0 equiv.), in CH2Cl2 at room temperature, was
recommended to effect the Ferrier rearrangement of a series of carba-
mates, tosyl and mesyl amides with D-glycal derivatives 41 and 45.39
4 Ferrier rearrangement mediated by acids
Zhang’s group has reported in detail their previous findings on the use of
sulfuric acid immobilized on silica gel (H2SO4–SiO2) in the Ferrier
rearrangement.40 These studies have focused on the reaction of 3,4,6-tri-
O-benzyl-D-glycal 45 with alcohols, thiols, and 2-naphtol as acceptors, in
CH2Cl2.
41 Interestingly, the Ferrier rearrangement failed in the presence
of phenol, however, the reaction with 2-naphtol took place to give a
‘‘rearranged’’ C-glycosyl naphtol (62%, a : b419 : 1).
Cyanuric chloride (TCT) has been found to promote the Ferrier
rearrangement of D-glycal 41 in the presence of alcohols, in CH2Cl2 at
room temperature (Scheme 27a).42 The catalyst role in this process was
assigned to HCl, which is formed along with cyanuric acid in the reaction
of TCT with adventitious moisture.
Finally, 3,5-dinitrobenzoic acid (3,5-DNBA) was reported to catalyze the
Ferrier rearrangement of acetylated glycals in the presence of alcohols
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Scheme 27 Ferrier rearrangement of D-glycal 41 in the presence of benzyl alcohol.






























































































4.1 C-alkynylation via Ferrier rearrangement
C-Alkynylation by Ferrier C-glycosylation has attracted considerable
attention and deserves special attention. Two methods for a-selective
C-alkynylation of glycals, i.e., 57-58, have recently been reported
(Scheme 28). One of the methods involves the use of ascorbic acid and
Cu(OTf)2 (Scheme 28a),
44 whereas the second procedure takes place in
the presence of TMSOTf (Scheme 28b).45 Both methods involve the
reaction of the free acetylene with the glycal, and the ‘‘active’’ catalyst
appears to be, in both cases, TfOH. Regarding the nucleophilic species, a
copper acetylene seems to operate under the first reaction conditions,
while an in situ generated trimethylsilyl acetylene seems to be the nu-
cleophile in the second method. Both protocols gave good C-glycosylation
yields, i.e. yields for compounds type 58, with a variety of glycals.
Regarding the acetylene counterpart, the ascorbic acid/Cu(OTf)2 method
has only been applied to aryl acetylenes, whereas the TMSOTf method
permitted the use of aliphatic and aromatic acetylenes.
5 Oxidative promoters
Ceric ammonium nitrate (CAN), a reagent previously used in the Ferrier-
type O-glycosylation of acylated glycals,46 as well as in the 1,2-addition of
alcohols to benzyl glycals,47 has now been reported to trigger the Ferrier-
type C-glycosylation of acetyl and benzyl glycals in the presence of
allyltrimethylsilane, trimethylsilylcyanide, trimethylsilyl azide, and tri-
ethylsilane.48 The optimized conditions for these transformations were
1.0 equiv. of CAN, in acetonitrile as solvent at room temperature
(Scheme 29). The reaction proceeded well for the stereoselective allylation
of acetyl and benzyl D-glycal derivatives, e.g. 41, 45, 59 (Scheme 29a–c).
D-Glycal derivatives that possess D-arabino configuration (D-glucals, not
recommended name), were found to react faster than D-glycals showing a
D-lyxo configuration (D-galactals, not recommended name) (Scheme 29b
and c). Furanose derived glycal 60 reacted to give C-furanosyl derivative
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Scheme 28 C-Alkynylation of glycals.






























































































those with allyltrimethylsilane, and D-glycal 41 furnished a 5 : 1 mixture of
the a,b-anomers 48 (Scheme 29e).
6 Miscellaneous activation protocols
Ferrier rearrangement on a series of acetylated glycals in the presence of
alcohols has been performed in deep eutectic solvents (DES).49 Best
results were obtained in a DES made from choline-malonic acid,50 at
80 1C. Accordingly, allylic glycosides, e.g. 43, were obtained in good yields
although with poor a : b anomeric selectivity (Scheme 30a). Interestingly,
the DES could be recycled up to four times without significant loss in
activity.
A zirconium catalyst, generated electrochemically in situ, has shown to
be effective in promoting Ferrier rearrangement of acetylated glycals in
the presence of thiols, thiophenols, and allyltrimethylsilane, thus leading
to S-glycosides and C-glycosyl derivatives, e.g. 63 and 47, respectively
(Scheme 30b and c).51
Two reports dealing with the Ferrier rearrangement of 3-OH glycals
have appeared. In the first protocol, 4,6-di-O-benzyl-3-hydroxy-D-glycal
64 was reacted with diethyl phosphorochloridite in the presence of Et3N






Scheme 29 Reaction of glycals with carbon nucleophiles in the presence of CAN.






























































































intermediate, i.e. 65, that experienced the Ferrier rearrangement with
various alcohols in the presence of AlCl3.
52 The two-step protocol was
carried out in CH2Cl2 at 0 1C, in a one-pot operation to yield allylic
glycosides, e.g. 66, in good to excellent yields, and with excellent a-
stereoselectivity (Scheme 31).
The second report dealt with a Ferrier-like process, the self-coupling
of 3-OH glycal derivatives, e.g. 67, under phase-transfer conditions.
The reaction takes place through reactive 3-OTs intermediates, e.g. 68,
which experience the addition of the remaining 3-OH glycal to provide
di-unsaturated disaccharides, e.g. 69 (Scheme 32).53
Nitrosyl tetrafluoroborate (NOBF4), a catalyst introduced by Misra
and coworkers for the Ferrier rearrangement,54 has recently been
employed in the sulfonamidoglycosylation of various glycals with N-
(O-tert-butyldiphenylsilyl) hydroxysulfamide.55 The reactions were carried
out in refluxing CH2Cl2, or under microwave assisted heating. The
ensuing N-glycosyl derivatives displayed good in vitro inhibitory activity
against four human carbonic anhydrase isoforms.
Vankar and coworkers have introduced AuCl3 in combination with
phenylacetylene (AuCl3/PhCCH) as an interesting new catalyst-system
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Scheme 31 Ferrier rearrangement of D-glycal 64 with D-lyxo configuration (D-galactal,
not recommended name) via transient formation of a 3-O-diethoxyphosphanyl inter-
mediate 65.






























































































vide infra.56 Based on previous knowledge on the activation of triple bonds
by late transition metal cations, Vankar’s group has found that phenyl-
acetylene in addition to AuCl3, was able to improve the overall outcome of
the Ferrier rearrangement (reaction rate, yield, a/b selectivity) compared to
when AuCl3 had been used alone. For instance, reaction of tri-O-acetyl-
D-glycal 41 in the presence of AuCl3 (1 mol%) and phenylacetylene (1 mol%)
in CH2Cl2 using allyl alcohol as the nucleophile was complete within
15 min (92%, a/b¼ 10 : 1), to give glycoside 47, compared to 9 h when
AuCl3 was used as catalyst (Scheme 33).
57 Reaction intermediates I and II,
(Scheme 33) were tentatively suggested by the authors to describe the role
of phenylacetylene in the catalytic cycle leading to allylic oxycarbenium
intermediate 2 (Scheme 33). This catalyst-system was also used with
sulfur, carbon, and nitrogen nucleophiles leading to the corresponding
S-, C- and N-glycosyl derivatives, respectively.
7 Miscellaneous transformations of glycals
As a continuation of their interest in Al(OTf)3 mediated transformations
of glycals,58 Williams’ group has reported the preparation of several
tricyclic derivatives, e.g. 73, by Al(OTf)3-triggered reaction of 3,4,6-tri-
O-acetyl-D-glycal 70 in 1,2-dichloroethane (DCE), in the presence of
various para-substituted phenols (Scheme 34).59 For this transformation
to occur, the authors proposed a reaction pathway involving an initial
Ferrier rearrangement to give an allylic glycoside, e.g. 72, which would
evolve to the tricyclic derivative 73, by a Friedel–Crafts C–C bond forming
process. The authors were able to rule out the intermediacy of a 2-deoxy
glycoside in the overall process, i.e. 70-73, since heating of 71 in the
presence of Al(OTf)3 failed to produce the tricyclic benzopyran 73. In this
context, it is pertinent to mention that Booma and Balasubramanian had
shown that 2-deoxy glycoside 71 could be transformed into 73 upon
treatment with BF3 OEt2.60
A remarkable transformation, involving a Ferrier rearrangement,
leading to pentacyclic benzopyran-fused pyranoquinolines has recently
been reported by Kinfe’s group.61 They have described a three-
component (glycal, aniline, salicylaldehyde) domino process that
involves an initial Ferrier C-glycosylation of an in situ formed imine/
enaminone, e.g. 74a,b, with a glycal, e.g. 41, leading to a 2,3-unsaturated
C-glycosyl derivative, e.g. 75, which undergoes a stepwise intramolecular
cyclization, in the presence of the Lewis acid, to produce a pentacyclic
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Scheme 32 Self-Ferrier rearrangement of 3-hydroxy glycal derivatives with TsCl under
phase transfer conditions.





























































































































2 R= AcI II α:β
































































































































































































































































































































Scheme 35 with D-glycal 41, was successfully applied to a variety of
acetylated glycals in combination with differently substituted anilines,
and salicylaldehydes. In this process four new stereocenters were
generated in a completely stereoselective manner. The reaction pro-
ceeded with moderate to good yields with anilines or salicylaldehydes
possessing electron-withdrawing groups. Conversely, the presence of
electron-donating groups in the aromatic partners provided only traces
of the pentacyclic derivatives.
8 Ferrier rearrangement on C-1 or C-2 substituted
glycal systems
The incorporation of substituents at position C-1 or C-2 of glycals
generates functionally rich substrates that are able to undergo Ferrier
rearrangement to generate synthetically useful derivatives.
8.1 Ferrier rearrangement on C-2 substituted glycal systems
In the last two years, several reports on the Ferrier rearrangement of
2-halo, 2-nitro, 2-acetoxy and 2-acetoxymethyl glycals have appeared in
the literature.
2-Iodoglycals, e.g. 77, readily available by reaction of glycals with NIS in
the presence of AgNO3, undergo Ferrier rearrangement under the agency
of BF3 OEt2 in CH2Cl2, to give 2,3-unsaturated 2-iodoglycosides
(anomeric ratio 5 : 1), in good yields, e.g. 78, 79 (Scheme 36).62 These
derivatives can be engaged on inter- or intramolecular Heck coupling
reactions to give the corresponding 2-C-substituted O-glycosides, e.g. 80,
81, in good yields (Scheme 36).
Acylated 2-nitroglycals, readily available from the corresponding gly-
cals63 and far less studied than their benzyl protected analogues,64 have
been shown to experience Ferrier rearrangement in the presence of
alcohols, under the agency of 4-dimethylaminopyridine (DMAP) in
CH2Cl2.
65 The reactions carried out with tri-O-acetyl-2-nitro-D-glucal
(not recommended name), i.e. 82, and D-galactal (not recommended
name), i.e. 83, proved to be completely a-stereoselective with a series of
alcohols. The Ferrier rearrangement of 82 and 83 in the presence of
benzyl alcohol to give benzyl glycosides 84 and 85, respectively, is
illustrated in Scheme 37. Conversely, the reaction of 2-nitro D-glycals 82
or 83 with TMSN3 or PhSH provided the corresponding equatorially
oriented (b-) C-3 regioisomeric 2-nitroglycals. This difference in regio-
selectivity could be explained on the basis of HSAB concept,66 where
azide and thiophenol moieties being soft bases prefer to add on the soft
acid center C-3.
2-Acetoxy glycals have been used as starting materials to access com-
pounds exhibiting N-linked sugar enone derived glycosyl groups via
Ferrier rearrangement.67 Thus, 2,3,4,6-tetra-O-acetyl-2-hydroxy-D-glycal 86
reacted with a range of amines to give anomeric mixtures of N-glycosyl
derivatives 88, via intermediate enol-acetate 87 (Scheme 38). An excess
(4.4 equiv.) of BF3 OEt2 proved to be the best promoter for this



















































































































78 R = Me; 79%,  5:1
79 R = allyl; 66%, 
α:β
α:β 5:1
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transformation (CH2Cl2, r.t.). Notably, less BF3 OEt2 loading led to the
isolation of the Ferrier rearranged 2,3-unsaturated compounds type 87,
as the major products. This methodology has recently been applied in the
synthesis of bicyclic glycosidase inhibitors.68
2-C-Acetoxymethyl glycals, e.g. 89, first described by Booma and
Balasubramanian in 1993,69 are interesting substrates for Ferrier-like
glycosylation. Their reaction is likely to proceed via an intermediate
allylic oxycarbenium ion, i.e. 90, generated by activation of the C-2 0 allylic
acetate moiety, which presents two reactive positions, C-1 and C-20.
Ferrier-like glycosylations with 89 have been reported to give allylic
glycosides, i.e. 91.6,69 Along this line, Vankar’s AuCl3/PhCCH catalyst-
system has been reported to activate glycals 89 in the presence of alcohols
to give allylic glycosides 91, in good yields (Scheme 39a).56 Conversely, a
Ferrier-type rearrangement of 2-C-acetoxymethyl glycals 89, catalyzed by
iodine, in the presence of N-aryl amides gave rise to 2-C-N-aryl-
amidomethyl glycals, e.g. 92a–e (Scheme 39b).70
8.2 Ferrier rearrangement on C-1 substituted glycal systems
2-Deoxy-2,3-dihydro-N-acetylneuraminic acid derivatives, e.g. 93, are key
components of cell surface glycoconjugates involved in recognition
processes. These compounds can formally be considered as C-1 bran-
ched glycals (C-glycals), and their Ferrier rearrangement has been
studied. In this context, Ikeda and coworkers have reported in full their
previous work on the Ferrier rearrangement of a 4,5-oxazoline derivative
of sialic acid, i.e. 93 (Scheme 40).71 In fact, a catalytic amount of
montmorillonite K-10 clay-supported Bi(OTf)3 [20% w/w loading of
Bi(OTf)3], in acetonitrile at room temperature, proved to be the best
promoter to produce a variety of 3,4-unsaturated sialic acid derivatives,
i.e. 95, both in terms of yield and a/b selectivity. The proposed reaction
pathway involves the intermediacy of a cyclic allylic oxonium ion 94 that
undergoes nucleophilic attack at C-2, preferably from the b-face
(opposite to the a-C-7-OAc group) resulting in the predominant for-
mation of b-O-alkyl glycosides, e.g. 95a–c and b-S-alkyl glycoside 95d
(Scheme 40).
The behavior of hexacarbonyldicobalt (C-1)-alkynyl glycals, e.g. 96,
towards nucleophiles in the presence of BF3 OEt2 has been recently
studied.72 In this context, reaction of 6-O-triisopropylsilyl derivative 96a
with heteroaromatic nucleophiles (BF3 OEt2, 20 1C) furnished C-3
substituted derivatives 97 in a completely stereoselective manner
(Scheme 41). The use of TMSCN as the nucleophile, however, resulted in
the formation of 98, embodying the CN group C–C linked to carbon 1. On
the other hand, treatment of 6-OH derivative 96b under similar reaction
conditions resulted in the formation of a branched tetrahydrofuran
derivative 100, as the major reaction product. To account for this trans-
formation, the authors invoked a reaction pathway that involved for-
mation of an initial intramolecular Ferrier rearrangement adduct 99,
followed by hydration of the ensuing glycal double bond and ring
opening.
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96a R = TIPS
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9 Polarity inversion in the Ferrier rearrangement
The chemistry associated with the Ferrier rearrangement has, to date,
been related with the interaction of the electrophilic Ferrier allylic oxy-
carbenium ion 2, with nucleophiles. In a seminal contribution, Doisneau,
Beau and coworkers have recently managed to widen the scope of the
Ferrier rearrangement by generating nucleophilic allyl samarium species
able to react with electrophiles.73 Accordingly, direct treatment of glycals
(equipped with a C-3 carbonate) with samarium diiodide (SmI2) in THF at
room temperature produced allylic samarium derivatives 101 that were
able to react with external electrophiles (ketones) to generate C-3 bran-












































































Scheme 43 SmI2-induced umpolung of glycals 103.






























































































Thus, the reaction of glycal carbonates 103 with SmI2 under Barbier
conditions in the presence of ketones provided C-3 branched derivatives
104 as single regioisomers. The stereochemical outcome of the coupling
came dictated by the chiral center at C-4, with the trapping of the allylic-
samarium-species taking place anti to the C-4 substituent (Scheme 43).
Further extension of this protocol to biologically relevant N-acetyl
neuraminic acid derivatives, e.g. 105, was also accomplished.73 These
derivatives proved to be more reactive towards SmI2 than the previously
mentioned glycals, and optimized reactions conditions were found to be
SmI2, THF, 78 1C, 1 h. Allylic benzoates and acetates could be used as
substrates, and C-2 coupling products were obtained in excellent yields
(Scheme 44).
10 Conclusion
The Ferrier rearrangement continues to enjoy a burgeoning interest. In
this context, the last three years have witnessed impressive developments
in the area. New catalyst systems continue to appear which might offer
advantages over previously described ones. On the other hand, remark-
able findings in the topic have come from the application of palladium
chemistry to achieve stereocontrol, and versatility in glycosylation reac-
tions. Furthermore, the report of the umpolung of glycals, and related
2,3-unsaturated N-acetyl neuraminic acid derivatives, might have opened
a new avenue to this chemistry.
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Scheme 44 SmI2-induced umpolung of glycals from N-acetyl neuraminic acid
derivatives, 105.
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Abstract: Unsaturated carbohydrate derivatives are useful intermediates in synthetic 
transformations leading to a variety of compounds.	  The aim of this review is to highlight 
the rich chemistry of ∆-2,3 unsaturated pyranosides emphasizing the variety of 
transformations that have been carried out in these substrates during the last decade. 
Keywords: hex-2,3-enopyranosides; cycloaddition; glycosylation; epoxidation, 
osmylation; Ferrier rearrangement; de novo synthesis. 
 
1. Introduction 
Hex-2-enopyranoses, e.g. 3, also known as pseudoglycals, have provided fertile ground for 
synthetic and mechanistic developments in carbohydrate chemistry during the last decades [1,2]. The 
first report of a molecule belonging to this category was made by Fischer [3], although it was not until 
a decade later that its correct structure could be established by Bergmann [4]. On the other hand, the 
process 1→3 (Scheme 1), which made hex-2-enopyranosides broadly recognized synthetic 
intermediates was only rendered available on a preparative scale in 1969 by Ferrier and Prasad.[5] This 
reaction has come to be known as the Ferrier I rearrangement, and the cationic intermediate 2, has 
since played a relevant role in many carbohydrate transformations.[6,7] Since their outset, hex-2-
enopyranosides have been employed in a plethora of synthetic endeavors.[8] An excellent coverage of 
the chemistry and synthetic applications of hex-2-enopyranosides has been regularly appearing in the 
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yearly issues of Carbohydrate Chemistry, Specialist Periodical Reports, until 2003.[9] The vast 
contribution to the chemistry of hex-2-eno-pyranosides developed in the Fraser-Reid group, covering 
more than 20 years of research in the area, has been recently reviewed.[10] The aim of this review is to 
highlight synthetic transformations on hex-2-eno-pyranosides reported during the last decade, 2003–
2014.
 
2. Synthetic routes to hex-2-enopyranosides 
The most widely used method for the preparation of 2,3-unsaturated hex-2-enopyranosides involves 
the Ferrier reaction, applied to glycal derivatives. Early studies on the Ferrier rearrangement made use 
of simple Lewis acids, e.g. BF3·Et2O, as promoters.[5] Since then, considerable attention has been 
devoted to the investigation of alternative catalysts for this transformation. In this context, a large 
number of publications involving the use of a variety of metallic, non-metallic, and heterogeneous 
catalysts have appeared. A report dealing with the promotors and nucleophiles currently used for the 
Ferrier rearrangement have been recently published, and readers in search of comprehensive 









Scheme 1. Ferrier rearrangement route to hex-2-enopyranoses 3, from glucal 1. 
 
Besides the Ferrier rearrangement, outlined in Scheme 1, additional routes to access hex-2-
enopyranoses from carbohydrates have also been described. Thus, Fraser-Reid and Boctor made use of 
the reductive elimination of vicinal disulfonates,[12] to gain access to 5 (Scheme 2).[13] 
 
 
Scheme 2. Fraser-Reid and Boctor´s route to hex-2-eno-pyranosides. 
 
A more circuitous route to allylic pyranosides from non-carbohydrate sources, was developed by 
Zamojski and Achmatowicz (Scheme 3).[14] In 1971, they reported the oxidative rearrangement of 2-
furanylcarbinols into highly functionalized pyranones, e.g. 6→7, to gain access to hex-2-eno-
pyranosides 8 (Scheme 3). In the original Achmatowicz approach, the furfuryl carbinol is oxidized 
with bromine in the presence of methanol under weakly basic conditions. Many other modifications of 
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dimethyldioxirane,[16] NBS,[17] tert-BuOOH\VO(OAc)2,[18] or H2O2-titanium silicalite[19] have 
also been used for this transformation. This route has the advantage that the original configuration of 
the alcohol moiety in the furylcarbinol is preserved and, therefore, the method is amenable to the 






Scheme 3. Achmatowicz and Zamojski´s de novo route to hex-2-enopyranosides from 
furylcarbinols. 
 
The hetero-Diels Alder reaction between substituted 1,4-dialkoxy-1,3-dienes, e. g. 9, and activated 
carbonyl compounds such as glyoxylate 10, also provides access to hex-2-enopyranosides from non-
carbohydrates sources (Scheme 4).[21] This process can be promoted simply by heating, [21b] by use 






Scheme 4. Hetero Diels-Alder route to hex-2-eno-pyranosides. 
 
Ring-closure metathesis has become an important tool in organic synthesis and its application to 
carbohydrate chemistry has included the synthesis of hex-2,3-enopyranose derivatives (Scheme 5). For 






Scheme 4. Ring-closing metathesis route to hex-2-eno-pyranose derivatives. 
 
An acid-catalyzed domino reaction has been developed by Guaragna and coworkers as a synthetic 
route to enantiomerically pure L-hex-2-enopyranosides (Scheme 6).[23] Their strategy started from the 
three-carbon homologating agent 14, prepared in a few steps from methyl pyruvate, and a chiral 
building block derived from L-glyceraldehyde 15, which provides the inherent chirality at the C5 
stereocenter of the final product, 18.[24] The ring closure of the intermediate 16 was effected by a 
domino process triggered by DDQ in CH2Cl2/MeOH involving five steps: MPM protecting-group 
removal, oxidation of the ensuing primary alcohol, aldehyde dimethoxyacetalation, isopropylidene 











































Scheme 6. Guaragna´s group de novo approach to hex-2-enopyranosides. 
 
3. Reactions of hex-2-enopyranosides 
One of the reasons behind the ample use of hex-2-enopyranosides in carbohydrate chemistry might 
lie in their rich synthetic potential. They could undergo standard alkene-addition reactions including 
hydrogenation, hydroxylation, oxyamination or epoxidation. Incorporation of additional functionality 
that polarizes the alkene group, such as nitro or sulphonyl substituents, makes Michael-like additions 
possible, which take place with regiospecific introduction of nucleophiles. Hex-2-enopyranosides are 
also ideally structured to take part in sigmatropic rearrangements, the most straightforward of which 
involve compounds with allylic ester groups. Furthermore, the Δ2,3 insaturation in hex-2-
enopyranosides confers a higher reactivity to both, the anomeric (C-1) acetal and the C-4 hydroxyl 
group, opening new avenues for nucleophilic functionalization. Oxidative transformations are also of 
synthetic value since they might lead to unsaturated enones, unsaturated lactones, or to 6-formyl 
derivatives, depending on the conditions employed. 
3.1. Addition reactions 
Hydrogenation reactions of 2,3-enopyranosides have generated interest as a tool for delivering 
deoxy sugars which are present in biologically intriguing compounds.[25] For example, it has been 
shown that in aminoglycosides, the removal of hydroxyl goups imparts in vitro stability by lessening 
the abilities of naturally occurring glycosidase enzymes to degradate the structure.[26] In this context, 
Zhang et al. developed a divergent strategy for constructing uncommon L-sugars with 4-substitution. 
They employed 2,3-eno-pyranosides 19 and 20 and a combination of typical palladium on carbon 
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O´Doherty´s goup proposed a diimide reduction as an alternative to the direct hydrogenation 
reaction of 2,3-enopyranosides where partial hydrogenolysis could compete. The method was applied 
to allyl alcohol 25 that upon standard hydrogenation conditions produced a significant amount of the 
hydrogenolysis product 27 (Scheme 8). Thus, by exposing allylic alcohol 25 to an excess of o-








Scheme 8. O´Doherty´s diimide reduction of 2,3-enopyranosides. 
 
Cis-hydroxylation of the double bond in hex-2,3-enopyranosides under common conditions (OsO4, 
H2O2 or RuCl3/NaIO4) normally occurs from the sterically more accesible face of the sugar ring in a 
process that very often is stereospecific. For example, the dihydroxylation reaction of 2,3-dideoxy-α-
D-erytrho hex-2-enopyranoside 28, where both the anomeric substituent and the 4-substituent are 
located below the ring, occurs exclusively from the upper face of the molecule, resulting in formation 
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However, osmylation of β-D-erythro-2-enopyranoside 30, where the C-1 and C-4 substituents are 
disposed in opposite faces of the pyranose, led exclusively to β-D-allopyranoside 31, with the osmium 
approach taking place anti- to the anomeric substituent (Scheme 9b).[29] Similarly, dihydroxylation of 
galactal derivative 27, occurred majoritarily from the β-face opposite to the anomeric substituent 
leading to “talo· derivative 33, although some “gulo” derivative 34, was also obtained (Scheme 
9c).[30] On the other hand, exposure of allylic alcohol 35 to OsO4/NMO in t-BuOH/H2O afforded 
gulose isomer 36 in 80% yield, whereas the protected talose isomer 37 was selectively produced upon 
treatment of 35 with the TMEDA adduct of OsO4 (Scheme 9d).[28] 
This methodology has been used by O´Doherty and coworkers in a highly efficient de novo route to 
various oligosaccharide motifs containing both D- and L-sugars.[31] For example, osmium-catalyzed 
dihydroxylation of tri-2,3-enopyranoside derivative 38 afforded the 1,4-linked α-rhamno-pyranose 39, 
while the global reduction of the double bonds with excess diimide provided 2,3-dideoxy 








Scheme 10. O´Doherty´s synthesis of 1,4-linked α-rhamno-trisaccharides. 
 
Dihydroxylation products can also be obtained by sequential epoxidation/ring-opening reactions. In 
these substrates, the stereochemistry of the epoxidation is highly influenced by the nature of the allylic 
hydroxyl groups. In general, free hydroxyl groups direct the approach of the incoming oxygen atoms to 
the double bond in a syn manner, whereas an anti-approach is observed when the hydroxyl groups are 
protected.[32] Ring-opening of epoxides arising from hex-2,3-enopyranosides tend to form trans-
diaxial products, due to the Fürst-Platnner rule[33] and therefore this approach is complementary to the 
previously mentioned cis-hydroxylation. For instance, hex-2-enopyranoside 41 under common Upjohn 
conditions gave exclusively methyl L-mannopyranoside 42, whereas L-altropyranoside 44 was 
obtained after treatment with dimethyldioxirane and subsequent ring opening of the 2,3-anhydro 
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Joly et al.34 found that the double bond of L-rhamnal derivative 45 failed to react with MCPBA. 
However, when the reaction was performed under the conditions of Payne (H2O2/PhCN), a mixture of 
epoxides 46 and 47 was formed. Likely, the long aglycone chain is hindering the attack on the α-side 
of the 2,3-enopyranoside and lowering the overall yield too. The epoxides were then reductively ring-









Scheme 12. Synthesis of ascarosides 48 and 49. 
 
The incorporation of chemical functionality that polarizes the alkene on 2,3-enopyranosides makes 
possible Michael-like additions resulting in the regioselective introduction of nucleophiles. Several 
examples of Michael reaction on 3-nitro-hex-2-enopyranosides, e. g. 50, were early reported by 
Sakakibara´s group. In these reactions, active methylene compounds,[35,36 ,37] and sterically 
demanding purine bases[38] reacted, regio- and stereoselectively at C-2 from the side opposite to the 
anomeric substituent (e.g, 51 from α-50 and 52 from β-50) (Scheme 13). Amines, however, produced 
thermodynamically more stable C-2 equatorial products (53 and 54) irrespective of the anomeric 
configuration of the starting glycoside.[39] These results have been discussed in terms of electrostatic 
interactions,[40] stereoelectronic control,[40] steric hindrance,[40] A-strain[41] and also hydrogen 
bonding.[41] Dideoxy-hex-2-en-4-ulopyranosides, on the other hand, always produced epimeric 
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More recently, Pathak and coworkers have studied the behavior of vinyl sulfone-modified hex-2-
enopyranosides. Michael additions, followed by desulfonylation with Na-Hg (6 mol-%) of the 
resulting adducts,[43] allowed the regio- and stereo-selective introduction of nucleophiles in 2,3-eno-
pyranosides. They found a remarkable influence of the protecting groups of the hydroxyl moieties on 
the reaction patterns.[44] For example, although phenylmethylene–protected vinyl sulfone 55 reacts 
with both primary and secondary amines in a Michael-fashion, only primary amines react with the 







Figure 1. Vinyl-sulfone Michael acceptors 55–58. 
 
 
This strategy has amply been employed by Pathak’s group in the synthesis of a variety of 
compounds including aminosugars,[45] branched-chain sugars,[46] isonucleosides,[43] and chiral 
pyrroles.[47] For example, conjugate addition of the anion generated from ethyl cyanoacetate to 
vinylsulfone 55 afforded a pyrrole derivative 59, which by subsequent treatment with POCl3/DMF 






Scheme 14. Synthesis of functionalized chiral pyrrol 60 from vinylsulfone 55. 
 
On the other hand, 2,3-unsaturated 3-arylsulfinyl pyranosides have been shown to undergo 
nucleophilic additions at C-2 with facial selectivities that are influenced by the nucleophile and the 
substituent on the sulfinyl sulphur.[48] For example, the reaction of 61a with primary amines (carbon 
and sulphur nucleophiles were also used) led to adduct 62a, with the addition of the nucleophile 
preferring an axial orientation at C-2 and, with concomitant elimination of acetic acid to form an 
allylic bond at ∆3,4. Conversely, the related reaction of 61 with a secondary amine led to a mixture of 
epimeric 2-deoxy-2-amino compounds 63a where the major product displayed a C-2 equatorial 
orientation. Furthermore, the influence of the α-sulfinyl substituent on the stereochemical outcome of 
the reaction also became clear. Thus, reaction of sterically congested (p-isopropylphenyl)vinyl 
sulfoxide 61b with pyrrolidine produced a C-2 α/β 7:1 epimeric mixture, whereas reaction of 
pyrrolidine with p-tolyl vinyl sulfoxide 61a, produced a C-2 α/β 3:1 epimeric mixture (Scheme 15). A 
similar trend was also observed in the reaction of 61a and 61b with primary amines, leading to 62a and 










56   R1 =R2= Bn
57   R1 = Tr, R2= H

































Scheme 15. Michael addition on 3-arylsulfinyl-hex-2-enopyranosides 61. 
 
3.2. Nucleophilic substitutions  
Reactions that allow the displacement of the C-4 allylic group on 2,3-enopyranosides also open 
opportunities for functionalization. Early reports were based on the nucleophilic allylic substitution 
with copper reagents. This possibility, was limited to substrates containing  acetoxy and pivaloxy 
leaving groups to afford anti SN2´products in moderate to good yields (Scheme 16).[49] In contrast, 
reaction of the corresponding benzothiazolyl thio ethers afforded syn SN2´adducts.[50] More recently, 
allylic substitution of substrates possesing the picolinoxy group have been studied and it was found 












Scheme 16. Allylic substitution reaction on 2,3-enopyranoside 64 and possible regio- and 
stereoisomers. 
 
Of particular relevance is the Pd-catalyzed substitution of allylic esters or carbonates by carbon and 
nitrogen nucleophiles.[52] A mechanistic picture of this process is displayed in Scheme 17. Even 
though one or more of these paths may become competitive, the use of more reactive allylic 
carbonates, usually avoids the presence of any palladium(0) complex (66) in solution and a remarkable 
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 61b  R = p-iPr-C6H4
62a  R = p-Me-C6H4
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then attributed to retention of stereochemical integrity during both generation of the π -allyl-Pd 










Scheme 17. Palladium-mediated allylic substitution. 
 
This methodology has been applied to the addition of phenols,[53] heterocyclic nucleophiles 
including uracil derivatives,[54] and/or azides.[55] Nucleophilic substitution carried out in alkyl α-D-
erythro-hex-2- enopyranosides, e. g., 70 and 72, took place with a very high regio- and 
stereoselectivity to provide C-4 substituted derivatives 71 and 73, respectively (Scheme 18a,b). 
Likewise, the palladium catalyzed reaction of 72 with TMSN3 led regio- and stereoselectively to 4-
deoxy-4-azido derivative 74 (Scheme 18c). On the other hand, palladium catalyzed reaction of the 
epimeric 2,3-dideoxy-α-D-threo-hex-2-enopyranoside 75, with TMSN3 provided a regioisomeric 
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3.3. [3,3]-Sigmatropic rearrangements 
Unsaturated sugar derivatives are ideally structured to take part in [3,3]-sigmatropic rearrangements 
that allow the construction of carbon–carbon or carbon–heteroatom bonds. For example, in 1973 
Ferrier et al. showed that 4-vinyl 2,3-enopyranoside 78 could undergo a Claisen rearrangement upon 
heating at 185 ºC to give the branched-chain aldehyde 79 (Scheme 19a).[56] The reaction took place 
readily and in a completely stereoselective manner, as it was expected for such suprafacial allyl 
rearrangement. However, the yield in the mercury-catalyzed preparation of the required vinyl 
derivative 78 was low (30%). As a synthetic alternative, Krohn et al, described the reaction of the 
related allylic alcohol 80,  with an eightfold excess of orthoacetic ester 81a in the presence of catalytic 
amounts of propionic acid to afford the corresponding ester 83a, in good yield as one single isomer 
(Scheme 19b).[57] Similarly, the Eschenmoser variant of the Claisen rearrangement allowed access to 
83b (89% yield) from allylic alcohol 80, by using 1.5 equiv. of N,N-dimethylacetamide dimethyl 
diacetal 81b.[57] The C-4 epimeric allylic alcohol 84, also experienced a Claisen-Johnson 
rearrangement in a completely stereoselective manner leading to C-2 branched derivative 85, in good 















Scheme 19. Examples of Claisen rearrangements. 
 
Porco and coworkers evaluated Eu(III)-catalyzed Claisen rearrangement of allyl phenyl ethers 
derived from hex-2,3-enopyranosides. The reaction required microwave heating at elevated 
temperatures (200 ºC). Representative allyl and aryl C-glycosides 86a–b underwent [3,3]-sigmatropic 
rearrangement to provide phenols 87a–b. However, preliminary studies had demonstrated that this 
reaction depends on the aglycone substituent as alkynyl C-glycoside 86c did not readily undergo 
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Scheme 20. Sigmatropic rearrangement of allyl phenyl ethers. 
 
Related Overman [3,3]-sigmatropic rearrangements have also been used to incorporate amine 
functions at C-2 position in hex-2,3-enopyranosides. Thus, allylic trichloroacetimidate 89, readily 
obtained from C-allyl glycoside 88, allowed the efficient installation of a secondary amine at C-2 in 
compound 90 upon reflux in 1,2-dichlorobenzene in the presence of K2CO3.[59] The analogous 
reaction with a related epimeric alcohol in allyl glycoside 84 required, however, considerable 
experimentation, since the expected amide 92 was obtained alongside a chlorinated side-product 
93.[60] It was subsequently found that the formation of allylic chloride 93 was related to the degree of 
purity of trichloroacetimidate 91 used in the rearrangement. Thus, chromatographically pure imidate 
91 underwent the Overman rearrangement to give the expected  amide 92 in 82% yield (Scheme 21c). 
However, when the rearrangement was carried out with non-purified trichloroacetimidate 91, and in 
the presence of hydroquinone as radical scavenger, the synthetically useful chloride 93 could obtained 
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3.4. Oxidative transformations 
Oxidative transformations of hex-2,3-enopyranosides are also of synthetic value since they might 
lead to unsaturated enones, unsaturated lactones, or 6-formyl derivatives, depending on the conditions 
employed. Oxidation of diols 94 can be attained regioselectively at either O-4, or O-6, to give enones, 
e.g. 95,[62] or aldehydes, e.g. 96,[63] respectively (Scheme 22). For example, ethyl 2,3-dideoxy-α-D-
erythro-hex-2-enopyranoside (94, R=Et) undergoes chemoselective allylic oxidation upon treatment 
with manganese dioxide or pyridinium dichromate to give hex-2-enopyranoside-4-ulose 95, whereas 
selective oxidation of the primary hydroxyl group can be effected by a modification of the Corey-Kim 
procedure,[64] as recommended by Fraser-Reid and co-workers leading to aldehyde 96.[65] The latter 










Scheme 22. Chemoselective oxidation of 2,3-dideoxy-α-D-erythro-hex-2-eno-pyranoside 94. 
 
On the other hand, synthetically useful 2,3-dideoxyhex-2-enono-1,5-lactones 99 can be accessed 
from hex-2-enopyranosides, e.g. 97, by oxidation (30% H2O2, MoO3). This process, reported by 
Zamojski’s group involved dehydration of initially formed allylic hydroperoxides, e.g. 98 (Scheme 
5).[ 67 ,68 ] However, more concise routes to lactones 99 involve the direct oxidation of the 
corresponding glycals, and in this context the methods described by Lichtentahler’s (mCPBA, 






Scheme 23. Zamojski's route to unsaturated lactones from hex-2-enopyranosides. 
3.5. Cycloaddition reactions  
In order to participate in cycloaddition processes the double bond in hex-2-eno-pyranoses has been 
incorporated into a variety of systems. For instance, oxidized derivatives such as enones 100 (related to 
95, Scheme 22) and unsaturated δ-lactones 101 (related to 99, Scheme 23) had been used in Diels-
Alder[8b] and dipolar cycloadditions[71] (Figure 2). Homologated derivatives such as isomeric enals 
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104 and 105 were reported to undergo stereoselective Diels-Alder reactions with maleic anhydride and 










Figure 2. ∆2,3-Unsaturated derivatives employed in cycloaddition reactions. 
 
During the last decade, Chmielewski’s group has continued its investigation on 1,3-dipolar 
cycloaddition of nitrones to carbohydrate derived δ-lactones, e.g. 101. Their research has proven useful 
from theoretical and practical standpoints, and some of the resulting cycloaddition adducts have been 
applied to the synthesis of biologically relevant iminosugars.[75] 
They have reported that the cycloaddition between aldono-1,5-lactones 106–108 and chiral five-
membered cyclic nitrones 109 and 110 proceeded exclusively in the exo mode, to provide in many 






Figure 3. δ-Unsaturated lactones and chiral nitrones. 
In particular, the cycloaddition reaction between lactone 106 and nitrone 110 resulted in the 
completely stereoselective formation of tricyclic derivative 111 as a consequence of an exo-approach 
of the nitrone and the anti addition to both the acetoxymethyl- and the 4-acetoxy group of the lactone 
(Scheme 24). The latter was then used in the synthesis of 8-homocastanospermine 113, via key-
intermediate 112, which after cleavage of the isopropylidene group and hydrogenolysis of the N−O 
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Tricyclic adduct 111 was also employed in a related synthesis of a C-1 homologue of australine, 1-
homoaustraline 115 (Scheme 25).[78] Thus, chemistry related to the one mentioned-above when 






Scheme 25. Chmielewski’s synthesis of 1-homoaustraline 115. 
 
1,3-Dipolar cicloaddition of six-membered nitrone 116 with lactone 106 gave one single adduct, 
117, as the result of the exo-anti approach to both substituents of the lactone dipolarophile (Scheme 
26).[79] The latter was next transformed through a series of synthetic steps into mesylate 117 that led 







Scheme 26. Chmielewski’s synthesis of 1-epilupinine 119. 
 
The syntheses described above have benefitted from two key issues: i) the high stereoselectivity of 
cycloadditions of simple nitrones to threo-lactones, e.g., 106, when compared to erythro-lactones, e.g. 
107, and ii) the easy rearrangement of the δ-lactone fragment in the adduct to a γ-lactone whose 
terminal diol could easily be cleaved. 
Along this line, the cycloaddition of acyclic nitrones to carbohydrate-lactones was also studied for 
the preparation of iminosugars (or azasugars).[80] In this context, cycloaddition of nitrone 120 and 
lactone 106 produce one single adduct 121, which was processed by rearrangement to a γ-lactone and 
removal of the terminal (C-6) hydroxymethyl group into mesyl derivative 122 (Scheme 27). 
Deprotection of the hydroxy groups in the latter caused immediate intramolecular alkylation of the 
nitrogen atom leading to ammonium salt 123. Finally, hydrogenolysis of 123 followed by several 
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Recent work by the Chmielewski’s group has shown that the 1,3-dipolar cycloaddition to α,β-
unsaturated δ-lactones is under kinetic control. Conversely, when γ-lactones are involved in the 
cycloaddition, the process becomes reversible and could be used to obtain the more stable, 
thermodynamic products. Owing to these properties, along with the above-shown high stereoselectivity 
of their cycloaddition, δ-lactones have been employed for the kinetic resolution of racemic 
nitrones.[82] 
Testero and Spanevello reported a concise synthetic route to pentanelactone 128 from α,β-
unsaturated aldehyde 125 (Scheme 28).[83] The successful approach was based on two key steps. 
First, a completely stereoselective Diels-Alder cycloaddition of cyclopentadiene and enal 125,[84] 
with the diene approaching the dienophile from the β-face in an exo-mode of addition. Second, the 
ozonolysis of 126 took place by a completely regioselective cleavage leading to dialdehyde 127. The 




Scheme 28. Synthetic approach to pentalenolactone 128. 
Further studies by this group have addressed the issue of the fragmentation of the primary ozonide 
in carbohydrate-derived norbornene systems. They showed that, in participating solvents, the remote 
substitution is responsible for the regioselective fragmentation of the intermediate ozonide.[85] 
A multistep route to previously described enal 135,[84] has also been described (Scheme 29).[86] 
The synthesis started with the oxidative cleavage of methyl-α-D-glucopyranoside 129 leading to 
dialdehyde 130. Treatment of 130 with nitromethane in basic medium led to a mixture of 3-deoxy-3-
nitro derivatives 131. Benzylidenation of these derivatives followed by purification of the crude 
reaction provided epimeric mixture of alcohols 132 that upon elimination, mediated by treatment with 
MsCl and Et3N, yielded unsaturated nitro derivative 133. Further processing of 133 via cyano 








































































































Finally, the thermal Diels-Alder reaction between sugar-derived nitroalkene 133 and 
cyclopentadiene yielded a mixture of exo- and endo- adducts 136 and 137, respectively, where unlike 




Scheme 30. Diels-Alder cycloaddition between nitroalkene 133 and cyclopentadiene. 
3.6. Glycosylation reactions 
The study of glycosylation reactions of 2,3-unsaturated hexenopyranoses has recently been 
addressed by mediation of either palladium or Lewis acid catalysis. 
3.6.1. Palladium mediated glycosylation of 2,3-unsaturated pyranones. 
Feringa and O’Doherty’s groups addressed the issue of glycosylation with 2,3-unsaturated hexoses 
functioning as glycosyl donors.[88] 
Following previous studies on palladium catalyzed allylic substitution on 6-acetoxy-2H-pyran-
3(6H)-ones by alcohols (Scheme 31a),[89] Feringa and co-workers reported the stereoselective 
palladium catalyzed glycosylation of pyranones (Scheme 31b).[90] The method proved to be 
particularly useful in synthesis since retention of stereochemistry at the allylic acetal moiety was 










Scheme 31. Feringa and co-workers palladium catalyzed allylic substitution. 
 
They next explored the feasibility of an iterative protocol based in this chemistry for saccharide 
synthesis. Thus, diastereoselective catalytic cis-dihydroxylation of 144 followed by acetonide 
formation on the ensuing diol, and reduction of the ketone moiety paved the way to β-L-ribose 
derivative 145 (Scheme 32). This sugar was next glycosylated with (−)-138 under palladium catalysis 

































































Scheme 32. Feringa’s approach to iterative saccharide synthesis.  
 
Shortly after Feringa’s findings, O’Doherty’s group reported on a similar transformation.[91] They 
studied the behavior of Pd π-allyl intermediates 149 and 150 arising from allylic alcohols 147 or 
unsaturated ketone 148, respectively, and found that whereas reaction of 147 failed to provide any 
unsaturated glycoside 151 (Scheme 33a), π-allyl intermediate 150 reacted with a variety of alcohols to 
give allylic glycosides 152 in moderate to excellent yields (Scheme 33b). O’Doherty’s group ascribed 












Scheme 33. O’Doherty’s Pd-catalyzed glycosylation with pyranone donors 148.  
 
Further experimentation by O’Doherty’s group led to the use of tert-butyl carbonates 148c as the 
preferred glycosyl donors. Their explanation for the improved reactivity of 148c versus 148a,b, was 
that t-BuOH and CO2, rather than carboxylic acids, were generated as leaving groups. 
They proved that the Pd-catalyzed glycosylation reaction proceeded with high selectivity for both, 
α- and β-glycosylation. Thus, using either donor 148α  or 148β  provided the corresponding glycosides 
152α  or 152β , with retention of stereochemical integrity at the anomeric center (Scheme 34a,b). The 
scope of the reaction was investigated with an array of alcohol nucleophiles (Scheme 34). The use of 
sterically hindered adamantol as glycosyl acceptor led to moderate yields of adamantyl glycosides (≈ 
52−54%) along with tert-butyl glycoside 153β  (in the glycosylation of 148β , Scheme 34b). Formation 
of the latter was explained by the presence of “departing” t-BuOH as a competing nucleophile in the 
reaction media. However, the use of excess glycosyl acceptor or the use of pyvaloyl, rather than tert-






















































series: a R1=Ph; b R1=t-Bu; c R1=Ot-Bu
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Scheme 34. Pd-catalyzed stereoselective glycosylation. 
The starting pyranones 148 were easily accessible from furan alcohols by Achmatowicz ring-
expansion[14] followed by stereoselective hemiacetal protection.[92] 
The diastereoselective palladium-catalyzed glycosylation was also used in the preparation of the 
pheromone daumone 154, by use of pyranone 155 as the glycosyl donor (Scheme 35).[17a] The latter 
was prepared in enantiomerically pure form by enantioselective Noyori reduction[93] of acylfuran 157 
(Scheme 36). Thus, Noyori reduction of 157 with the enantiomeric catalyst provided furan alcohol 158 
in very high enantiomeric excess (93% yield, >96% ee). Ring-expanded pyranone 159 was then 
obtained by treatment with N-bromosuccinimide (NBS) in THF/H2O)[14]. Diastereoselective acylation 








Scheme 35. O’Doherty’s approach to daumone, 154. 
Palladium-catalyzed glycosylation of secondary alcohol 156 with α-pyranone 155 was carried out 
in CH2Cl2 to yield glycoside 160 as a single diastereomer (Scheme 37). Diastereoselective epoxidation 
of enone 160 to give epoxy-ketone 161 was then followed by a one-pot process involving ketone 
reduction and epoxide opening to give rhamnose derivative 162. Finally, deprotection and oxidation 
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Scheme 37. Palladium-catalyzed glycosyl coupling and processing to daumone 154. 
 
O’Doherty’s group has also exploited this methodology for the synthesis of oligosaccharides, in 
particular 1,6-linked and 1,4-linked oligosaccharides, by way of iterative glycosylations combined 
with diastereoselective ketone reduction and dihydroxylation processes.[94] 
The iterative glycosylation protocol was also applied to the stereoselective synthesis of digitoxin 
163 (Scheme 38).[95,96] O’Doherty’s retrosynthesis for digitoxin is outlined in Scheme 38 and 
involved the iterative, diastereoselective, palladium catalyzed glycosylation of digitoxigenin (165) 











Scheme 38. O’Doherty’s retrosynthesis of digitoxin 163. 
 
The synthetic route started with an enantioselective Noyori reduction of acylfuran 157, followed by 
the Achmatowicz ring-expansion protocol, and stereoselective anomeric Boc-formation at high 
temperature to obtain pyranone 164 as the major isomer (Scheme 39). Palladium-catalyzed 
gycosylation of digitoxigenin (165) with 164 produced glycoside 166, which was processed to 
dihydroxy acetate 167. Iteration of the glycosylation/pyranose functionalization processes to the di- 





























































































Scheme 39. O’Doherty synthesis of digitoxin (163) by iterative palladium-catalyzed glycosylations. 
 
The usefulness of the protocol implemented by O’Doherty’s group from achiral furan 157 via 
enantioselective reduction, Achmatowicz ring-expansion, and diastereoselective (iterative) palladium-
catalyzed glycosylation(s), has been further demonstrated with the successful synthesis of anthrax 
tetrasaccharide (171),[97] the trisaccharide portion of landomycin A (172),[98] cleistroside-2 (173) 
and several members other members of the cleistroside (tri- and tetra-rhamnosides) family,[99] as well 
as the total syntheses of kaempferol glycoside SL101 (174),[100] jadomycin B (175),[101,102] and 
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The synthetic potential of this protocol is enhanced by the flexibility of the enantioselective 
reduction of the acyl furans and the stereocontrol in the formation of the anomeric tert-butyl 
carbonates. Thus acyl furan 157 can be transformed, in a stereocontrolled manner in α-L, β-L, α-D or 
β-D tert-butyl carbonates 155 and 164, respectively (Scheme 40).[105] These derivatives were used in 
the preparation of a collection of 11 methymycin analogues (179) by stereoselective glycosylation of 



















Scheme 41. Enantio- and stereo-divergent synthesis of glycosylated methymycin analogues, 179. 
 
Related chemistry was also used in the preparation of the α-L-aculose, α-L-rhodinose, and β-D-
olivose trisaccharide-component of PI-080.[106] 
Pyranones with oxygen substituents at the primary position, e.g. 148c, 185, as precursors of 6-
hydroxy pyranoses, can analogously be prepared in either enantiomeric form (D/L) from oxygenated 
acyl furan 180 by way of enantioselective Noyori reduction (181, 182), and Achmowitcz ring-
expansion (Scheme 42).[107] A combination of D- and L-pyranones were used by O’Doherty in the de 












































































































Scheme 42. Enantiodivergent synthesis of pyranones, 148c and 185 from acyl furan 180. 
 
Pyranone 185 has also been used in the preparation of the glycosylated tyrosine portion of 









Scheme 43. O’Doherty’s retrosynthesis of the disaccharide portion of mannopetimycin-E 186. 
 
3.6.2. Lewis-acid mediated glycosylation of 2,3-unsaturated glycosyl acetates. 
Toshima and co-workers reported on the chemoselective assembly of differently substituted 2,3-
unsaturated pyranoses.[109] Thus, 2,3-unsaturated-4-keto glycosyl acetates, e.g. 188, were found to 
display lower reactivity than 2,3-unsaturated-4-hydroxy glycosyl acetates, e.g. 187, in the presence of 
Lewis acids, and could therefore be used as glycosyl acceptors with the latter acting as glycosyl 
donors. An implementation of their strategy is outlined in Scheme 44. Accordingly, 4-keto derivative 
188 was chemoselectively glycosylated with 187 by use of TMSOTf in CH2Cl2 at -78 oC, to give 
disaccharide 189 in fairly good yield. Subsequently, the ensuing 4-keto derivative 189 was able to act 
as a glycosyl donor and was used to glycosylate methyl glucoside 190, in toluene at higher 
temperature, to yield trisaccharide 191 (TMSOTf, -40 oC). The observed α/β anomeric selectivity was 
























































































Scheme 44. Toshima’s chemoselective glycosylation strategy to trisaccharide 191. 
 
3.6.3. Halonium ion mediated glycosylation of 2,3-unsaturated allyl glycosides. 
Taneja and co-workers recently described the remarkable stereoselective α-glycosylation of 2,3-
unsaturated allyl glycosides mediated by NBS in the presence of catalytic Zn(OTf)2.[110] The method 
was applied to the glycosylation of a variety of alcohols with erythro- and threo- 2,3-unsaturated allyl 
glycosides 192 and 193, respectively (Scheme 45). Protecting groups such as acetonide, nitro, or esters 















Scheme 45. Taneja’s stereoselective α-glycosylation with allyl glycosides 192 and 193. 
 
3.7. Use of 2,3-unsaturated hexopyranoses as chiral complex ligands 
Carbohydrates have been long used as stereodifferentiating agents.[111] In this context, Boysen and 
co-workers reported on a phosphinite hybrid ligand 196, based in a 2,3-unsaturated pyranoside.[112] 
Accordingly, phosphinite 196, readily prepared by reaction of the corresponding unsaturated alcohol 
with diphenyl chlorophosphine (PPh2Cl, Et3N, THF, 70% yield), was employed in the rhodium-
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198, were obtained with high yields and excellent stereoselectivity when cyclic substrates were 
involved (Scheme 46). In a recent remarkable development, Boysen and co-workers reported that 
isomeric erythro-, i.e. 196, and threo-, i.e. 199, phosphinites, behaved as pseudo-enantiomeric olefin 
ligands in Rh(I)-catalyzed 1,4-additions of aryl and alkenylboronic acids to achiral enones.[113] They 
















Scheme 46. Boysen’s pair of pseudoenantiomeric carbohydrate derived phophinites 196 and 199, in 
rhodium catalyzed asymmetric 1,4-addition of phenylboronic acid to unsaturated enones and enoates. 
 
3.8. Miscellaneous 
A series of synthetic transformations of de novo hex-2,3-enopyranose derivatives, e.g. 155, into a 
variety of monosaccharide and deoxy-monosaccharide derivatives have been described by 
O’Doherty’s group.[114] These transformations make imaginative use of addition, oxidation, and 
substitution reactions performed on hex-2,3-enopyranoses and 3,4-unsaturated pyranoses, e.g. 202, the 
latter readily available from the former by Wharton rearrangement (Scheme 47).[115] Accordingly, 
Boc-pyranone 155 was converted by way of stereoselective Pd(0) glycosylation into α-benzyl 
derivative 200, whose epoxidation under basic conditions led stereoselectively to epoxy ketone 
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A synthetic route to α-ascariloside 204, was devised by regio- and stereoselective reaction of 202 
with N-iodosuccinimide (NIS) in acetic acid followed by LiAlH4 reduction of the ensuing β-acetoxy 
iodide 203 (Scheme 48).[ ,117] An approach to benzyl α-fucoside (206) from 202 was implemented 
via osmylation of 205 (2-epi-202, prepared by oxidation/reduction of 202) (Scheme 48). It was 
observed that osmylation of 205 leading to fucose monosaccharides (206) was better carried out on 2-
silyl derivative 205b, which produced a 7:1 diastereomeric mixture favoring 206b [206b/207b 7:1)]. 














Scheme 48. Synthetic transformations of hex-3,4-enopyranoside 202 leading to α-ascariloside 204 
and α-fucosides 206. 
 
4. Conclusions  
Hex-2,3-enopyranosides continue to be important intermediates currently used in a variety of 
synthetic transformations. They are readily available by Ferrier rearrangement of commercially 
available glycals, although more recently the de novo approach to pyranones, and thence hex-2,3-
enopyranosides, has positioned itself as reliable synthetic alternative for their preparation. The latter 
approach has the advantage of providing access to enantiomeric hex-2,3-enopyranoside pairs. The use 
of 2,3-unsaturated pyranosides in glycosylation has grown exponentially during the last decade, more 
than likely because of the success on the stereoselective Pd(0)-mediated glycosyl coupling of α- and β- 
pyranones. 
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Ferrier–Nicholas pyranosidic cations: 
application to diversity-oriented synthesis
Abstract: Pyranosidic allylic (Ferrier) cations that share dicobalt hexacarbonyl propargyl (Nicholas) stabiliza-
tion at C-1, can be easily generated by treatment of hexacarbonyldicobalt alkynyl glycals with BF3·OEt2, and 
display a remarkable reactivity leading to a variety of products. The substituent at O-6 in these glycals plays 
a pivotal role in directing the outcome of the transformations. Accordingly, 6-O-benzyl or 6-O-allyl groups 
cause a series of transformations resulting in the stereoselective formation of oxepanes through a process that 
involves an initial hydride transfer step from the allyl or benzyl substituent to the Ferrier–Nicholas cation. On 
the contrary, 6-OH derivatives undergo an overall ring contraction to branched tetrahydrofuran derivatives. 
6-O-Silyl derivatives, in the presence of heteroaryl nucleophiles, were transformed into C-3 branched bis-C-C-
glycosides, containing two of such molecules.
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reaction; pyranosidic cations; stereocontrolled synthesis; tandem reactions.
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Introduction
In contrast to target-oriented synthesis (TOS) aimed at synthesizing discrete target molecules by way of 
retrosynthetic analysis [1], Schreiber introduced diversity-oriented synthesis (DOS) [2] aimed at accessing 
a collection of many compounds having structural diversity and complexity in order to populate chemical 
space broadly, and in search for new lead compounds [3]. A successful DOS algorithm must address four 
types of diversity: substitutional (appendage), functional group, stereochemical, and skeletal diversity [4]. In 
this context, carbohydrates because of their conformational rigidity and the stereo-defined display of their 
hydroxyl groups were early recognized as valuable substrates for the attainment of substitutional (append-
age), stereochemical, and functional group diversity [5, 6]. Thus, after some seminal contributions by Smith, 
Nicolaou, Hirschmann and co-workers on d-glucose based peptidomimetics of somatostatin [7–9], reports 
appeared that focused on the use of pyranose cores for the incorporation of different functional groups. Sofia 
and co-workers reported the preparation of pyranose templates with three sites of diversification aiming to 
provide the minimal requirements needed for pharmacophoric molecular recognition [10]. In their design, 
they incorporated a carboxylic acid moiety, a free hydroxyl group, and a protected amino group (Fig. 1) [11].
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Fig. 1 Sofia’s carbohydrate-based small-molecule scaffolds for a pharmacophore mapping library.
Kunz and co-workers, on the other hand, developed some pyranose templates with orthogonal protecting 
groups that allowed selective deprotection at all-four positions of the carbohydrate regardless of the syn-
thetic sequence [12, 13]; they also managed to prepare pyranosidic cores with five points of diversity with 
application in solid phase synthesis [14, 15] (Fig. 2).
In these strategies, the substitutional diversity had been achieved by modification of the carbohydrate 
hydroxy-groups. On the other hand, our research group focused in an approach to appendage diversity con-
sisting on “decorating” the carbohydrate moiety with additional functionalities that could be exploited in 
synthetic transfomations aimed at the formation of C–C, C–N, and C–O bonds [16, 17]. In this context, we 
designed a furanose epoxy exo-glycal endowed with an exocyclic (enol-ether type) olefin and an oxirane 
moiety, i.e., 1 (Scheme 1). Such derivative was engaged in diverse types of reactions including electrophilic 
addition to the double bond, nucleophilic opening of the oxirane, and Pd-mediated reactions of the vinyl 
oxirane moiety. The additional presence of a halogen in the olefin, i.e., 2, permitted us to engage these deriv-
atives in Sonogashira [18, 19], Stille [20], and Suzuki cross-coupling reactions [21] leading to a variety of 
furanose-based templates [22].
Ferrier–Nicholas cations and skeletal diversity
More recently, we have drawn our attention to the more elusive task of developing an approach to skeletal 
diversity from glycal derivatives. Skeletal diversity [23] can be achieved mainly by two strategies: “reagent-
based approach”, which involves exposition of one common starting material to different reagents [24], or 
“substrate-based approach” where different starting materials, containing pre-encoded information [25], are 
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Scheme 1 Gomez, Lopez, and co-workers approach to appendage diversity in furanoses from epoxy exo-glycals.
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Scheme 2 Ferrier–Nicholas cation 4, a combination of a Ferrier allylic cation and a hexacarbonyl dicobalt Nicholas cation.
Table 1 Reaction of C-1 alkynyl glycal 5 in CH2Cl2 the presence of BF3·OEt2 with variable H2O content.


































Entry   Reaction conditions   6 (%)  7 (%)
i   CH2Cl2   34  63
ii   CH2Cl2/4 Å MS (pellets)   45  34
iii   CH2Cl2/4 Å MS (powder)  61  23
iv   CH2Cl2/H2O (2 equiv)   18  67
Glycals, i.e., Δ1,2-unsaturated carbohydrate derivatives, have already shown its usefulness in DOS. For 
instance, Schreiber and co-workers reported the combination of Ferrier [27, 28] and Pauson–Khand [29, 30] 
reactions to gain access to a library of tricyclic compounds [31], whereas Porco and co-workers employed a 
glycal-derived scaffold to produce a collection of highly substituted tetrahydrofurans [32]. In line with our 
previous approach to appendage diversity based in polyfunctionalized carbohydrate derivatives, we have 
studied the behavior of, previously unknown, Ferrier–Nicholas cations, e.g., 4 [33]. These species were gen-
erated by BF3·OEt2 treatment of differently-(O-6)-substituted dicobalt hexacarbonyl (C-1)-alkynyl glycals, i.e., 
3, (Scheme 2), the latter, in their turn, obtained by incorporation of the dicobalt hexacarbonyl group by treat-
ment of the corresponding C-1 alkynyl glycals with Co2(CO)8.
Results and discussion
6-O-Benzyl and 6-O-allyl derivatives
The reaction of 6-O-benzyl dicobalt hexacarbonyl derivative 5, with BF3·OEt2 in CH2Cl2 at –20 °C took place 
smoothly to give a mixture of oxepane 6 and 1,6-anhydro derivative 7. The composition of this mixture proved 
to be highly dependent on the presence (or absence) of H2O in the reaction media, as detailed in Table 1. Thus 
in the presence of H2O, 1,6-anhydro derivative 7 became the major product of the reaction (entry iv, Table 1), 
whereas gradual exclusion of H2O from the reaction mixture resulted in an increased yield of oxepane 6 
(compare entries i, ii, and iii, Table 1).
From these data we were able to postulate the reaction pathway outlined in Scheme 3. The transforma-
tion is initiated by a 1,6-hydride transfer from the 6-O-benzyl group to C-3 of cation 4 (R1  =  Bn, R2  =  Ph) [34, 35], 
which generates an oxocarbenium ion 8. The latter might evolve by two different routes: i) hydrolysis and loss 
of benzaldehyde to give 6-hydroxy derivative 9, which by protonation would generate a pyranosidic Nicholas-
oxocarbenium ion 10 [36] whose cyclization will lead to 1,6-anhydro derivative 6; ii) a Prins-type cyclization 
[37–39] leading to bicyclic Nicholas-oxocarbenium ion 11, and thence hemiketal 12, whose ring opening will 
lead to oxepane hydroxy-ketone 7.
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Scheme 3 Proposed reaction pathway leading to oxepane 7 and 1,6-anhydro derivative 6.
We have also shown that some of these transformations are reversible, e.g., oxepane 7 evolved to 1,6-
anhydro derivative 6 upon treatment with BF3·OEt2 (CH2Cl2, –20 °C, 8 h), thus implying reversibility in 
the steps 7 → 12 → 11 → 8, the latter step being a retro-Prins fragmentation [40]. Likewise, treatment of 
6-hydroxy derivative 9 with benzaldehyde in the presence of BF3·OEt2 led to compounds 7 and 6, then dem-
onstrating the reversibility in the transformation 8 → 9. Finally, we have observed that treatment of 6 with 
benzaldehyde in the presence of BF3.OEt2 did not result in any transformation, leaving the 1,6-anhydro deriv-
ative unchanged [41].
We have also found that vinyl oxepanes, e.g., 14, 17, can be obtained by reaction of related 6-O-allyl 
glycals, e.g., 13, 16, with BF3·OEt2 (Schemes 4a,b) [41]. Thus implying that 1,6-hydride transfer from 6-O-allyl 
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Scheme 4 Improving the oxepane yield and the ratio oxepane/1,6-anhydro derivative.
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terms of yield and ratio oxepane/1,6-anhydro derivative by use of unsubstituted terminal alkynes (Schemes 
4b,c, also compare Scheme 4a with Scheme 4b). We have ascribed this behavior to the higher electrophilicity 
of the Nicholas cation arising from the unsubstituted alkyne compared to the cation from the alkyne with the 
terminal phenyl substituent [42]. We believe that the higher electrophilicity of the corresponding intermedi-
ate Nicholas cation would render the ionization of hemiketal, leading back to the Nicholas cation, more dif-
ficult, e.g., 12 → 11 (Scheme 3).
6-O-Silyl derivatives
In line with these findings reaction of 6-O-triisopropylsilyl derivative 22 (where the above-mentioned 1,6-
hydride transfer is not possible) with nucleophiles in the presence of BF3·OEt2 provided regio- and stereocon-
trolled access to C-3 branched glycals 23a–e (Table 2).
Analogous reaction of 22 with pyrrole in CH2Cl2 at –20 °C provided a mixture of C-3 branched glycal 23f 
(15 %), and C-3 branched bis-C,C-glycoside 24 (48 %) [41]; where incorporation of two pyrrole molecules had 
taken place, thence indicating a higher reactivity of pyrrole compared to the rest of heteroaryl derivatives 
employed (Scheme 5a). On the other hand, exclusive access to 23f (51 %) was accomplished when the reaction 
was performed at –78 °C (Scheme 5b).
Based on these discoveries, a sequential two-nucleophile incorporation leading to tri-substituted 
derivatives 25, was developed by reaction of C-3 branched glycals 23 with pyrrole at –20 °C in the presence 
Table 2 Reaction of 6-O-triisopropylsilyl C-1 alkynyl glycal 22 in the presence of allyltrimethyl silane and some heteroaryl 
derivatives mediated by BF3·OEt2 in CH2Cl2 at –20 °C.
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Scheme 5 Reaction of hexacarbonyl dicobalt alkynyl glycal 22 with pyrrole at –20 and –78 °C.
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15 min 27-β (32 %) 27-α (15 %) 28 (36 %)
45 min 27-β (16 %) 27-α (10 %) 28 (70 %)
Co2(CO)6
3
Scheme 6 Intramolecular Nicholas reaction of 26 leading to 1,6-anhydro derivatives 27 and branched tetrahydrofuran 28, and 
variation in the final-products ratio with the reaction time.
of BF3·OEt2 (Table 3). A variety of trisubstituted derivatives were obtained by this approach in modest to 
good yields.
6-OH derivatives
Intramolecular trapping of hydroxyl groups by Nicholas cations has been extensively used to gain access to 
oxacycles of different sizes [43]. Accordingly, we treated hydroxy-derivative 26 with BF3·OEt2 in the absence of 
an external nucleophile and observed the formation of three compounds: C-3 epimeric-1,6-anhydro, deriva-
tives 27, and ring contraction product 28, whose relative ratios changed with the reaction time (Scheme 6). 
Prolonged reaction times favored formation of larger amounts of tetrahydrofuran 28 (45 min, 70 % yield 
compared to 15 min, 36 % yield) over 27, whereas short reaction times led to a more uniform distribution of 
reaction products 27, 28 (Scheme 6).
In addition, the formation of branched tetrahydrofuran 28 proved to be irreversible, since it remained 
unchanged upon treatment with BF3·OEt2. However, bicyclic derivative 27-α evolved, under related reaction 
conditions, to give a mixture of 27-β, 27-α and 28, analogous to that obtained by reaction of glycal 26 [44].
Unmasking of alkynes from hexacarbonyl dicobalt derivatives
Even though there have been reports of cytotoxic activity associated to some hexacarbonyl dicobalt com-
plexes [45, 46], the compounds described in this study have not yet been submitted to biological evaluation. 
However, decobaltation of these derivatives was straightforward and several methods were used to that end: 
tetrabutylamonnium fluoride (TBAF) in THF [47], trimethylamine N-oxide (TMANO) [48], and iodine/THF 
[49]. In our hands, TBAF/THF proved to work better for the decobaltation of these derivatives.
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Tandem Ferrier–Nicholas/Pauson–Khand: Access to tricyclic derivatives
Besides transformations based in decobaltation of hexacarbonyl dicobalt derivatives to alkynes or alkenes [50] 
these complexes have proven useful in a series of reactions in which the dicobalt complex played a key role, 
such as the Pauson–Khand cyclization [51]. In this context, vinyl oxepane 17 was a particularly well-suited 
intermediate to test this possibility. In fact, we found that upon treatment with TMANO·2H2O oxepane 17 was 
transformed, in a completely stereoselective manner, to tricyclic derivative 29 in 49 % yield (Scheme 7) [52].
Conclusion
Ferrier-Nicholas cations, a singular type of vinilogous Nicholas cations [53] that arise from dicobalt hexacar-
bonyl (C-1)-alkynyl glycals, can be used to generate skeletal diversity in a substrate-based approach to diver-
sity-oriented synthesis (DOS). In transformations of 6-O-benzyl or 6-O-allyl glycal derivatives treatment with 
BF3·OEt2 induced a series of processes including: 1,6-hydride transfer, Prins cyclization, and retroketalization 
of the ensuing hemiketal, to give a polyfunctionalized oxepane in a completely stereocontrolled manner, in 
a ring-expansion process. In reactions of 6-O-TIPS derivatives the 1,6-hydride transfer is avoided and, in the 
presence of a nucleophile, a “normal“ Ferrier rearrangement takes place to generate C-3 branched pyranose 
glycals. Furthermore, C-3 branched pyranose glycals reacted in the presence of pyrrole under the agency of 
BF3·OEt2 to give C-3 branched, bis-C-C-glycosides where the pyrrole moiety occupies the anomeric center with 
an exclusive α-orientation. Finally, from 6-OH derivatives a ring contraction process generating a branched 
tetrahydrofuran structure can be observed, the tetrahydrofuran being the thermodynamic product of an equi-
librium that involves initial formation of functionalized 1,6-anhydro pyranoses. When a 6-O-allyl group is 
present in the ensuing dicobalt hexacarbonyl alkynyl oxepane, an intramolecular Pauson-Khand cyclization 
can take place by treatment with TMANO·2H2O, leading to a single tricyclic derivative.
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A Substrate-Based Approach to Skeletal Diversity from Dicobalt
Hexacarbonyl (C1)-Alkynyl Glycals by Exploiting Its Combined
Ferrier–Nicholas Reactivity**
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In Memory of Robert J. Ferrier
Abstract: Novel substrates that combine dicobalt hexacar-
bonyl propargyl (Nicholas) and pyranose-derived allylic (Fer-
rier) cations have been generated by treatment of hexacar-
bonyldicobalt (C-1)-alkynyl glycals with BF3
.Et2O. The study
of these cations has resulted in the discovery of novel reac-
tion pathways that have shown to be associated to the
nature of O-6 substituent in the starting alkynyl glycals. Ac-
cordingly, compounds resulting from ring expansion (oxe-
panes), ring contraction (tetrahydrofurans), or branched
pyranoses, by incorporation of nucleophiles, can be ob-
tained from 6-O-benzyl, 6-hydroxy, or 6-O-silyl derivatives, re-
spectively. The use of a 6-O-allyl alkynyl glycal led to a suita-
ble funtionalized oxepane able to experience an intramolec-
ular Pauson–Khand cyclization leading to a single tricyclic
derivative.
Introduction
Diversity-oriented synthesis (DOS), as formulated by Schreiber
and co-workers,[1] emerged as the chemists’ response to the
need to generate libraries of structurally diverse small mole-
cules in an efficient manner.[2] This development had followed
the recognition of the ability of small molecules to interact
with macromolecules, and to function as critical components
on a variety of cellular processes.[3] From a synthetic stand-
point, the DOS central aim is the efficient generation of struc-
tural diversity and complexity.[4] Structural diversity, in its turn,
has been divided into four main components: appendage,
functional group, stereochemical, and skeletal diversities.[3] The
latter, skeletal diversity,[5] can be achieved mainly by two strat-
egies: the “reagent-based approach”, which involves exposure
of one common starting material to different reagents,[6] or the
“substrate-based approach” in which different starting materi-
als, containing pre-encoded information,[5a] are subjected to
a common set of reaction conditions resulting in different skel-
etal outcomes.[5d, 7]
On the other hand, carbohydrates have already shown their
usefulness in DOS. For instance, the Ferrier,[8] and Pauson–
Khand,[9] reactions were exploited early on with a glycal tem-
plate to gain access to a library of tricyclic compounds,[10]
a glycal-derived scaffold was also used to generate highly sub-
stituted tetrahydrofurans,[11] and more recently the reaction of
2-C-formyl glycals[12] with various dinucleophiles has led to pyr-
imidine-, pyrazole- and pyrazolopyrimidine-based “carbohy-
brids” on route to fused triazole scaffolds.[13]
Our research group has been interested in the generation of
carbohydrate-based libraries, and we have already addressed
the issue of appendage diversity in furanose templates.[14, 15]
More recently, we have turned our attention to the generation
of skeletal diversity from pyranose-derived glycals.[16] Our ap-
proach, to skeletal diversity, relies on a substrate-based strat-
egy of pre-encoded starting materials rather than on a re-
agent-based protocol.[1e]
In this work, we have studied the behavior of Nicholas-
type[17, 18] Ferrier (allylic) cations 2,[8] generated from differently
(O-6)-substituted dicobalt hexacarbonyl (C-1)-alkynyl glycals,
that is, 1, by treatment with BF3·Et2O, in the context of the
generation of skeletal diversity (Scheme 1). The design of com-
Scheme 1. Ferrier allylic cation (boxed) and Nicholas cation (circled), gener-
ated from C-1-alkynyl glycal 1, are connected in a single molecule 2.
[a] Dr. F. Lobo, Dr. A. M. Gmez, S. Miranda, Prof. Dr. J. C. Lpez
Department of Bio-Organic Chemistry
Instituto de Qumica Orgnica General (IQOG-CSIC)
Consejo Superior de Investigaciones Cientficas
Juan de la Cierva 3, 28006 Madrid (Spain)
E-mail : ana.gomez@csic.es
jc.lopez@csic.es
[**] The results described in this manuscript have in part been communicated
in a conference paper : J. C. Lpez, F. Lobo, S. Miranda, C. Uriel, A. M.
Gmez, Pure Appl. Chem. 2014, DOI: 10.1515/pac-2014–0402.
Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/chem.201402149.
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pound 1 was based on previous findings from our research
group, which had shown that stabilization of the anomeric ox-
ocarbenium ion by an adjacent Nicholas-type dicobalt hexacar-
bonyl alkyne group, might lead to unexpected reaction path-
ways.[19] In fact, we have found that the O-6 substituent in
these glycals (1) can play a key role in determining the out-
come of the transformations, and we disclose herein how com-
pounds 1 can react, in a stereocontrolled manner, to give oxe-
panes, substituted tetrahydrofurans, tetrahydropyrans contain-
ing two distinct heterocycles, as well as bicyclic or tricyclic
compounds, by changes in the R2-O-6 substituent.
Results and Discussion
Synthesis of the starting alkynyl glycals
The alkynyl glycal precursors of the corresponding dicobalt
hexacarbonyl derivatives 1, were readily prepared from tri-O-
acetyl-d-glucal (3) by synthetic sequences consisting of four or
five steps, depending on the substituent at O-6 (Scheme 2). Ac-
cordingly, C-1-alkynyl tri-O-benzyl-d-glucal derivatives 6, and 6-
O-silyl derivatives 9, were prepared by PCC oxidation of inter-
mediates 4 and 7, leading to lactones 5 and 8, respectively,[20]
followed by a sequence of lithium acetylide-addition/POCl3-
mediated elimination.[21]
Additional substrates were prepared from compound 9 a, by
tetrabutylammonium fluoride (TBAF)-mediated silyl deprotec-
tion leading to 6-hydroxy derivative 10 a and subsequent alky-
lation. In this manner, a range of benzyl-type protecting
groups with different electronic properties in the aromatic ring
were introduced by conventional etherification, to afford deriv-
atives 11 a–g (Table 1).
Finally, incorporation of the dicobalt hexacarbonyl group
was carried out by treatment of the corresponding alkynyl
glycal with Co2(CO)8 in dichloromethane at room temperature
(1 h, >70 % yield; Figure 1).
Reactivity and transformations of 6-O benzyl derivatives
We first examined the reaction of 12 a with allyltrimethylsilane
in the presence of BF3·Et2O (20 8C, CH2Cl2). Two compounds
were obtained in this reaction, a C-3-allyl derivative 16, and an
oxepane 17 a, devoid of any allyl substituent (Scheme 3). The
structural assignment of compound 17 a was based on its
NMR spectroscopy data, and the stereochemistries at C-2 and
C-3 (oxepane numbering) were determined on the basis of
a large coupling constant J2,3 = 10.2 Hz, and observed NOEs be-
tween H-2, H-7ax, H-4ax and C6-OH (Scheme 3).
[22] The C-3 con-
figuration in compound 16 was based on a NOESY experiment
carried out on a derivative obtained therefrom, vide infra.[23]
Owing to our interest in oxepane 17 a, we repeated the re-
action of 12 a with BF3
.Et2O in the absence of allyltrimethylsi-
lane (Table 2).[24, 57] This reaction led to two compounds, oxe-
pane 17 a and 1,6-anhydro-derivative 18 a. By comparing these
derivatives, we noticed that both were C-3-deoxy derivatives
whose O-6 benzyl groups had suffered an alteration. In com-
Scheme 2. Synthesis of C-1 alkynyl glycal derivatives 6 and 9 from tri-O-
acetyl-d-glucal 3.
Table 1. Synthesis of C-1 alkynyl glycal derivatives 11 a–g from 9 a.
Figure 1. Dicobalt hexacarbonyl alkynyl glycals 12–15 obtained by cobalta-
tion of 6, 9, 10 and 11 (Co2(CO)8, CH2Cl2, room temperature, 1 h).
Scheme 3. Reaction of C-1 alkynyl glycal 12 a with allyltrimethylsilane in the
presence of BF3·Et2O.
Chem. Eur. J. 2014, 20, 10492 – 10502 www.chemeurj.org  2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10493
Full Paper
534
pound 17 a the 6-O-benzyl group had been involved in a cycli-
zation process, whereas the benzyl group in derivative 18 a
had been lost. These observations led us to consider a hydrolyt-
ic step in the genesis of 18 a. In agreement with our hypothe-
sis, the relative ratio 17a/18a proved to be highly dependent
on the water content in the reaction media. For instance,
when the reaction was carried out in the presence of molecu-
lar sieves, oxepane 17 a was the major reaction product (61 %
yield), whereas addition of H2O
(2.0 equiv) reversed this situation
and bicyclic derivative 18 a
became the major reaction prod-
uct (67 % yield; Table 2, compare
entries 1 and 2). In this context,
the basicity of the molecular
sieves along with its dehydrative
effect might be responsible for
the increase in oxepane forma-
tion.[25] From these considera-
tions we have been able to ad-
vance a preliminary mechanistic
rationale, which has now been
completed with data from addi-
tional experiments (Scheme 4).[57]
The transformation begins
with a 1,6-hydride transfer from
the 6-O-benzyl group to C-3 in
cation 2 (R1 = Bn, R2 = Ph),[26, 27] to
generate an oxocarbenium ion, 19. The latter might evolve
through two different routes: 1) hydrolysis and loss of benzal-
dehyde to give 6-hydroxy derivative 20, (which in some instan-
ces has been isolated from the reaction media) that by proto-
nation, onto the activated enol-ether-type bond, would give
a pyranosidic Nicholas-oxocarbenium ion 21, the cyclization of
which would lead to 1,6-anhydro derivative 18 a ; 2) a Prins-
type cyclization,[28–30] will give raise to bicyclic Nicholas-oxocar-
benium ion 22, and thence hemiketal 23, the ring opening of
which could lead to oxepane hydroxy-ketone 17 a.[31] The cycli-
zation step followed by hemiketal formation, that is, 19!22!
23, can be formally considered as a two-step electrophilic addi-
tion (AdE) to an alkene bearing an adjacent cation stabilizing
group.[32, 33] In recent supporting experiments, we have shown
that oxepane 17 a can evolve to 1,6-anhydro derivative 18 a
upon treatment with BF3·Et2O (Scheme 5 a), thus implying re-
versibility in the steps 17 a!23!22!18 a, which could be re-
garded as a retroketalization followed by a retro-Prins frag-
mentation (Scheme 4).[34] Furthermore, treatment of 6-hydroxy
derivative 20 with benzaldehyde in the presence of BF3·Et2O
led to compounds 17 a and 18 a (Scheme 5 b), then demon-
strating the reversibility in the transformation 19!20, and the
feasibility of the Prins cyclization in an intermolecular variant.
Finally, treatment of 18 a with benzaldehyde in the presence of
BF3·Et2O did not result in any transformation, leaving the 1,6-
anhydro derivative unchanged (Scheme 5 c).
Two new stereogenic centers are generated in the overall
process leading to oxepane 17 a, both of them in the Prins-
type cyclization (Scheme 4): the stereogenic center at C-2 (car-
bohydrate numbering) is dictated by geometric restrictions,
whereas the stereocenter at C-6’ (carbohydrate numbering) is
consequence of a preferred rotamer (as displayed in 19,
Scheme 4), which locates the aryl residue away from the bulky
dicobalt hexacarbonyl alkynyl moiety in the transition state
leading to cyclization, that is, 19!22 (Scheme 4).
In agreement with the proposed reaction pathway, the ex-
periments outlined in Table 3 serve to illustrate the effect of
Scheme 4. Proposed reaction pathways for the formation of 17 a and 18 a.[57]
Scheme 5. Supporting experiments regarding the proposed reaction path-
way.
Table 2. Reaction of C-1 alkynyl glycal 12 a with BF3·Et2O.
[a]
Entry Reaction conditions 17 a [%][b] 18 a [%][b]
1 CH2Cl2/4  MS (powder) 61 23
2 CH2Cl2/H2O (2 equiv) 18 67
[a] Reaction conditions: 12 a (0.1 mmol), BF3·Et2O (1.2 equiv), 20 8C,
CH2Cl2, 1 h. [b] Isolated yield.
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the O-6 substituent in the ratio oxepane (24)/1,6-anhydro de-
rivative (18 a). Thus, in general, better yields of oxepane are
observed with electron-withdrawing substituents in the aro-
matic residue at O-6 (Table 3, entry 5). Conversely, electron do-
nating substituents in the aromatic ring cause a reduction in
the amount of oxepane formed (Table 3, entries 1–3). p-Iodo-
and p-bromo-benzene derivatives 13 g and 13 f, respectively,
gave moderate yields of oxepanes (Table 3, entries 6 and 7).
Naphthyl derivative 13 d, displayed a behavior similar to that
of the parent phenyl derivative 12 a in terms of yields (Table 3,
entry 6). These results are in agreement with the proposed re-
action pathway, in which even though the electron-donating
group will favor the 1,6-hydride transfer step, that is, 2!19
(Scheme 4), they will also render oxocarbenium ion 19, less
electrophilic, thus disfavoring the cyclization step, that is, 19!
22.
Improving the oxepane yield: the effect of the substituent
at the alkyne terminal position
Even though enhanced electron density at the aromatic O-6
substituent in glycals 12 a and 13 a–g, could improve oxepane/
1,6-anhydro-derivative ratios (Table 3), we have found that sub-
stitution at the terminal alkyne position also has a marked in-
fluence in the outcome of the reaction (Table 4).[57] Accordingly,
by replacing the terminal phenyl group in the alkyne, as in
12 a, by a hexyl group, 12 c, or a H atom, 12 d, we have ob-
served an increase in the amount of oxepane formed as well
as in the ratio oxepane/1,6-anhydro derivative, going from
2.6:1, to 4:1 and to 11:1, respectively (Table 4).
In our opinion, this effect seems to be related with the re-
version step of oxepane!1,6-anhydro derivative (e.g. , 23!
22!19, Scheme 4). In favor of this hypothesis is the fact that
whereas oxepane 17 a undergoes a complete transformation
into 1,6-anhydro derivative 18 a in a few hours (Schemes 4 and
6), oxepane 17 d does not evolve completely to 1,6-anhydro
derivative 18 d, even after 7 days of reaction (18 d/17 d, 7:1
ratio, Scheme 6). We hypothesize that the higher electrophilici-
ty of the Nicholas cation arising from the unsubstituted alkyne
compared to the cation from the alkyne with the terminal
phenyl substituent,[35] would render the ionization of hemike-
tal, leading back to the corresponding Nicholas cation, more
difficult, for example, 23!22 (Scheme 4).
Skeletal diversity from oxepanes: tandem Ferrier–Nicholas
reaction/Pauson–Khand cyclization
Even though hexacarbonyl dicobalt complexes are now ac-
cepted as a new class of cytotoxics,[36] these cobalt adducts of
alkynes are rarely intended as the final synthetic targets. Thus,
they are normally submitted to decobaltation to regenerate
the alkyne moiety. However, a more appealing strategy, which
has been used in some instances, involves their use in further
synthetic endeavors, such as the Pauson–Khand reaction.[37]
In this context, and considering the cation-stabilizing ability
of allyl groups in hydride-transfer processes, we decided to
test the reaction of complexes 26 a and 26 d obtained by co-
baltation of 6-O-allyl derivatives 25 a and 25 d (Scheme 7).
When submitted to our standard reaction conditions, allyl de-
rivatives 26 a and 26 d were consumed in less than 1 h, and
Table 3. BF3·Et2O induced reaction of alkynyl glycals 13 leading to oxe-
panes 24 and 1,6-anhydro derivative 18 a.[a]
Entry Glycal Aryl 24 (%)[b] 18 a (%)[b] Total [%]
1 13 a p-OMe-Ph 24 a (–) 79 79
2 13 b m-OMe-Ph 24 b (24) 64 88
3 13 c p-Me-Ph 24 c (38) 46 84
4 13 d naphthyl 24 d (62) 30 92
5 13 e p-F-Ph 24 e (63) 30 93
6 13 f p-Br-Ph 24 f (54) 24 78
7 13 g p-I-Ph 24 g (54) 21 75
[a] Reaction conditions: 13 (0.1 mmol), BF3·Et2O (1.2 equiv), 4  MS,
20 8C, CH2Cl2, 1 h. [b] Isolated yield.
Table 4. Effect of substitution at the alkyne terminal position.[a]
Glycal Oxepane (%)[b] Anhydro (%)[b] Combined % Ratio 17/18
12 a 17 a (61) 18 a (23) 84 2.6:1
12 c 17 c (80) 18 c (16) 96 5:1
12 d 17 d (89) 18 d (8) 97 11:1
[a] Reaction conditions: 12 (0.1 mmol), BF3·Et2O (1.2 equiv), 4  MS,
20 8C, CH2Cl2, 1 h. [b] Isolated yield.[57]
Scheme 6. Reaction of oxepanes 17 a and 17 d in the presence of BF3·Et2O.
Scheme 7. Synthesis of dicobalthexacarbonyl alkynyl 6-O allyl glycals 26.
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provided the corresponding oxepane 27 and 1,6-anhydro de-
rivative 18 in good combined yields. Consistent with the previ-
ously observed effect of the substituent at the alkyne terminal
position, compound 26 d, with an unsubstituted terminal
alkyne, gave rise to a higher amount of oxepane 27 d (oxe-
pane/1,6-anhydro derivative, 10.5:1) than that generated from
the aryl-substituted alkynyl derivative 27 a (oxepane/1,6-anhy-
dro derivative, 1.1:1; Table 5).
With these compounds in hand, we tackled the intramolecu-
lar Pauson–Khand reaction of oxepane 27 a. The thermal reac-
tion in the presence of cyclohexylamine (CyNH2) did not result
in the formation of any tricyclic derivative (Table 6, entry 1).
The use of N-methylmorpholine N-oxide (NMO), which has
been recommended for Pauson–Khand reactions of electron-
deficient alkynes,[38] gave better results, with the hydrated re-
agent giving improved yields (Table 6, compare entries 2 and
3). Finally, best results were obtained with trimethyl-amine N-
oxide (TMANO; Table 6, entries 4–7),[39, 40] and again the use of
the hydrated reagent at low temperature led to improved
yields (Table 6, entry 7, 49 % yield). On the contrary, treatment
of hexacarbonyl dicobalt compound 27 d, under similar reac-
tion conditions did not give any Pauson–Khand adduct.
Finally, it was of interest to test whether the synthetic se-
quence Ferrier–Nicholas/Prins cyclization/Pauson–Khand reac-
tion, that is, 26 a!27 a!28, could be carried out in a one-pot
operation.[41] To this end, we treated hexacarbonyl dicobalt de-
rivative 26 a, with BF3·Et2O and, after acid quenching (NEt3)
with TMANO·2 H2O. Eventually, after some tuning of reaction
conditions, tricyclic derivative 27 could be obtained in 7 %
yield (Scheme 8). Although the yield obtained is low, it is
worth mentioning that the overall process involves the forma-
tion of three new rings, four carboncarbon bonds, and three
new stereogenic centers.
Attempted tandem Ferrier–Nicholas/Friedel–Crafts reactions
Related to tandem Nicholas/Pauson–Khand processes, some
groups have also reported Friedel–Crafts reactions in combina-
tion with Nicholas transformations to gain access to cyclic de-
rivatives.[42] In order to explore this avenue we first studied the
reduction of ketone 17 a to the corresponding hydroxy-deriva-
tive. However, even though related transformations have been
described using DIBAL-H as the reducing agent,[43] we were
unable to obtain such diol upon treatment with DIBAL-H,
NaBH4 or HSnBu3.
Alternatively, treatment of ketones 17 a and 24 b with a re-
ducing system composed of a Lewis acid and a hydride donor,
which could have led directly to tricyclic derivative 30, resulted
instead in the formation of bicyclic derivatives 31 and 32
(Table 7). Compound 31 could be obtained as single derivative
(Table 7, entry 1) or as a diastereomeric mixture at C-1 (carbohy-
drate numbering) depending on the reagents system (Table 7,
entries 2–4).
The formation of compounds 29 and 30 from oxepanes 17 a
and 24 b, respectively, can be explained, according to our pro-
Table 5. Effect of substitution at the alkyne terminal position in allyl de-
rivatives.[a]
Glycal Oxepane (%)[b] Anhydro (%)[b] Combined %[b] Ratio 27/18
26 a 27 a (50) 18 a (44) 94 1.1:1
26 d 27 d (73) 18 d (16) 80 10.5:1
[a] Reaction conditions: 26 (0.1 mmol), BF3·Et2O (1.2 equiv), 4  MS,
20 8C, CH2Cl2, 1 h. [b] Isolated yield.
Table 6. Pauson– Khand reaction of hexacarbonyl dicobalt derivative
27 a.
Entry Reaction conditions t [min] 28 [%][a]
1 CyNH2 5 –
2 NMO, CH2Cl2, 0 8C 15 9
3 NMO·H2O, CH2Cl2, 0 8C 30 20
4 TMANO, CH2Cl2, 0 8C 60 7
5 TMANO·2 H2O, CH2Cl2, RT 30 9
6 TMANO·2 H2O, CH2Cl2, 0 8C 60 36
7 TMANO·2 H2O, CH2Cl2, 20 8C 60 49
[a] Isolated yield.
Scheme 8. One-pot transformation of 26 a into tricyclic derivative 28.
Table 7. Reduction of keto-oxepanes with Lewis acid/hydride donors.
Entry Oxepane Reagents Product Yield [%] (C-1)[a]
1 17 a TMSOTf/Et3SiH
[b] 29 10 (0:1)
2 17 a InCl3/BH3·SMe2
[b] 29 15 (3:1)
3 17 a InCl3/Et3SiH
[b] 29 37 (5:1)
4 17 a TMSOTf/BH3·SMe2
[c] 29 60 (1:1)
5 24 b TMSOTf/BH3·SMe2
[c] 30 56 (1:1)
[a] Diastereomeric ratio at C-1. [b] This reaction was conducted at RT.
[c] This reaction was conducted at 50 8C.
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posed general pathway (Scheme 4), by reduction of hemiketal
intermediates formed by a keto-alcohol/hemiketal equilibrium
(e.g. , 17 a!23, Scheme 4). Despite the fact that we have been
unable to develop a tandem Ferrier–Nicholas/Friedel–Crafts re-
actions to access tricyclic derivatives, the bicyclic derivatives
obtained from these oxepanes are valuable compounds dis-
playing skeletal diversity.
Reactivity and transformations of 6-O-triisopropylsilyl
derivatives
Since the formation of oxepanes, and derivatives therefrom,
appeared to be triggered by benzyl- or allyl-type substituents
at O-6 in hexacarbonyl dicobalt alkynyl glycals, a whole differ-
ent reactivity could be induced in these derivatives by modify-
ing the substituent at O-6. In this context, we studied the reac-
tion of 6-O-triisopropylsilyl hexacarbonyl dicobalt derivative 14
towards nucleophiles in the presence of BF3·Et2O, at 20 8C.
The reaction of 14 with hetaryl derivatives or allyltrimethylsi-
lane proceeded in a completely regioselective manner to give
3-C-substituted glycal derivatives 31 a–e, in moderate to good
yields (Table 8).[57] The stereoselectivity of the process proved
to be high, leading almost exclusively to 3-C-a-isomers
(Table 8). The reaction of 14 with pyrrole was carried out at
78 8C (Table 8).
On the other hand, treatment of trimethoxybenzene with
14, under identical reaction conditions to those in Table 8, af-
forded open-chain derivative 32 in moderate yield
(Scheme 9 a). The formation of 32 might be explained through
a regio- and stereoselective substitution at C-3 followed by hy-
dration of the glycal double-bond and subsequent ring-open-
ing. In this connection, we had previously noted a related be-
havior in the C-glycosylation of C-ketosides with trimethoxy-
benzene leading to open-chain derivatives, more likely related
with the bulkiness of the reagent and the tertiary nature of C-
1.[44] Nucleophilic substitution at C-1 was observed upon treat-
ment of 14 with TMSCN to furnish bis-C,C-glycoside 33 in
good yield (Scheme 9 b). Treatment of 14 with TMSN3 generat-
ed a complex mixture.
Some studies dealing with the influence of the nucleophile
in its site-selective incorporation to allylic/propargylic Nicholas-
type cations have appeared.[45, 46] In particular, reports from
Green’s group on cyclic allylic/propargylic cations have shown
that even though the site remote to the alkyne-Co2(CO)6
moiety (g-site, C-3 substitution in our study) was the kinetically
preferred one for most nucleophiles, increasing amounts of a-
products (C-1 derivatives) were obtained with more nucleophil-
ic reagents.[46] Accordingly, the higher nucleophilicity of TMSCN
(along with its small size)[47] will be responsible for the ob-
served regioselectivity in the formation of 33.
Three-component reactions of 6-O-triisopropylsilyl deriva-
tives: access to carbohydrate frameworks containing two
distinct heterocycles
Some of the transformations disclosed in this work have em-
phasized the high nucleophilic nature of the glycal double-
bond on hexacarbonyl dicobalt alkynyl containing compounds,
for example, 20!21, 19!18 a (Scheme 4). In this context, C-3
branched derivatives 31 still possess a reactive glycal
double-bond, and we have explored its reactivity in
two-step electrophilic addition processes (AdE).
[48] We
first came across this possibility when treatment of
glycal 14 with pyrrole (2.9 equiv) in the presence of
BF3·Et2O (1.0 equiv) at 20 8C, afforded a mixture of
monopyrrole and dipyrrole derivatives 31 f and 34,
respectively (Table 9, entry 3). Higher temperatures
led to decomposition of the reaction mixture
(Table 9, entry 4), whereas lowering the reaction tem-
perature permitted access to increasing amounts of
monosubstituted 31 f (Table 9, compare entries 1–3).
Compound 34 was isolated as a unique stereoisomer,
thus indicating that the AdE takes place in a com-
pletely regio- and stereoselective manner.
The potential of pyrrole to act as a “second” nucle-
ophile (C-1), was tested in acid-catalyzed reactions of
C-3 substituted derivatives 31 a–e (Table 10). Accord-
ingly, C-3-allyl derivative 31 a, reacted with pyrrole in
the presence of BF3·Et2O to give C-3-allyl bis-C,C-gly-
coside 35 a in 74 % yield (Table 10, entry 1). The struc-
Table 8. Reaction of 14 with nucleophiles at 20 8C in the presence of BF3·Et2O.[a]
[a] Reaction conditions: 14 (0.1 mmol), BF3·Et2O (1.0 equiv), Nu (3 equiv), 20 8C,
CH2Cl2, 1 h. [b] This reaction was conducted at 78 8C. [c] Compound 31 e consisted
of a 3.5:1 mixture of C-3 epimers that could not be separated, the major isomer is
shown.[57]
Scheme 9. Reaction of hexacarbonyl dicobalt derivative 14 with trimethoxy-
benzene and trimethylsilyl cyanide.
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ture of 35 a was unambiguously assigned on the basis of 2D
NMR spectroscopy experiments. The stereochemistries at C-3
and C-1, in compound 35 a were unequivocally assigned based
on NOESY correlations of H-5 with the C-3 allyl protons and
the pyrrol NH. Likewise, treatment of C-3-hetaryl glycals 31 b–
e, with pyrrole yielded derivatives 35 b–e, which contain two
distinct heterocycles, in moderate to low yields. The low yields
in the generation of some of the derivatives are probably asso-
ciated with side-reactions of furan and pyrrole due to their ten-
dency to polymerize in acid-catalyzed processes.[49] No system-
atic screening of Lewis acids has been made to optimize these
results, however, replacement of catalyst BF3·Et2O with triphe-
nylphosphine hydrobromide (TPHB)[50] resulted in an increased
yield in the preparation of 35 c (Table 10).[51, 57]
Finally, we have found that the addition of two nucleophiles
to dicobalt hexacarbonyl glycal 14, can be carried out as one-
pot sequential operations. Accordingly, glycal 14 was treated
with N-methyl pyrrole or furan and, after TLC showed com-
plete disappearance of 14, with pyrrole to give branched pyra-
nosides 35 d or 35 e, respectively, with yields comparable to
those obtained in the two-step synthesis (Scheme 10).
Reactivity and transformations of 6-OH derivatives
The study of 6-hydroxy derivatives was also of interest since
one of the most extended applications of the Nicholas reaction
consists in the intramolecular trapping of hydroxyl groups to
obtain oxacycles of various sizes.[17d] On the other
hand, according to literature precedents and our
above-mentioned results, Ferrier-type substrates, e.g.
15, could give rise upon treatment with BF3·Et2O to
isomeric allylic oxacycles A[52] or B[53] by intramolecu-
lar trapping at either end of the allylic cation by the
6-OH nucleophile (Scheme 11).
Treatment of hydroxy-derivative 15 with BF3·Et2O
in CH2Cl2 at 20 8C, however, did not produce any of
the expected allylic oxacycles but resulted in the for-
mation of C-3 epimeric-1,6-anhydro, derivatives (36
and 37) along with ring contraction product 38
(Scheme 12). The relative proportion of these three
derivatives proved to vary with the reaction time
(Scheme 12). Prolonged reaction times seemed to
favor formation of higher amounts of 38 (45 min,
70 % yield compared to 15 min, 36 % yield) over 36
and 37, whereas short reaction times led to a more
uniform distribution of reaction products 36, 37, 38
(Scheme 11). In addition, the formation of branched
tetrahydrofuran 38 proved to be irreversible, since it
remained unchanged upon treatment with BF3·Et2O.
On the contrary, treatment of bicyclic derivative 37 under relat-
ed reaction conditions generated a reaction mixture analogous
to that of 15.[54]
The reaction pathway accommodating these results would
occur by Lewis-acid activation of glycal 15, which induces the
departure of benzyl alcohol to generate Ferrier–Nicholas cation
39 (Scheme 12). The latter can then react with either the de-
parted benzyl alcohol or with the 6-OH group. Intramolecular
cyclization at C-3 in cation 39 will yield bicyclic glycal 41,
which after hydration to hemiketal 42, and retroketalization
Table 9. Reaction of hexacarbonyl dicobalt alkynyl glycal 14 with pyrrole
at different temperatures.[a]
Entry T [8C] t [min] 31 f [%] 34 [%]
1 78 20 51 –
2 50 10 29 34
3 20 15 15 48
4 0 1 –[a] –[b]
[a] Reaction conditions: 14 (0.1 mmol), BF3·Et2O (1.0 equiv), Nu (2.9 equiv),
CH2Cl2. [b] Decomposition of the reaction mixture was observed.
Table 10. Reaction of 33 with pyrrole at 20 8C in the presence of BF3·Et2O.
[a] The reaction was conducted at RT. [b] When BF3·Et2O was replaced by triphenyl-
phosphine hydrobromide (TPHB) compound 35 c was obtained, after 6 h at 20 8C, in
20 % yield.[57]
Scheme 10. One-pot sequential synthesis of branched pyranosides 35 d,e
from 14.
Scheme 11. Hypothetical Ferrier reaction of 6-OH derivative 15, leading to
1,6- or 1,3-anhydro derivatives A or B, respectively.
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will, irreversibly, produce branched tetrahydrofuran 38. On the
other hand, stereorandom intermolecular Ferrier-type reaction
of 39 with benzyl alcohol will give rise to epimeric glycals 15
and 40, from which 1,6-anhydro derivatives 36 and 37 could
be obtained, respectively, by intramolecular glycosylation.[55]
A comparison of the “expected”[52] versus observed results in
the reaction of compound 15 indicated that its reactivity was
again modified by the presence of the alkynylhexacarbonyl di-
cobalt substituent at C-1.
Conclusion
We have shown that vinylogous Nicholas cations[56] construct-
ed from dicobalt hexacarbonyl (C-1)-alkynyl glycals, lead to
novel Ferrier-Nicholas cations that can be used to generate
skeletal diversity.[57] The overall process, is then a substrate-
based approach where the substituent at C-6 carries the pre-
encoded information. The reaction of 6-O-benzyl alkynyl-glycal
derivatives mediated by BF3·Et2O granted access to a mixture
of oxepane and 1,6-anhdro derivatives. The overall process has
been demonstrated to proceed by 1,6-hydride transfer fol-
lowed by a multistep sequence of reversible reactions involv-
ing, Prins cyclization, retroketalization of the ensuing hemike-
tal, and ring expansion. Appropriate structural modifications at
the terminal alkyne position have been found that led almost
exclusively to the formation of oxepane derivatives. Likewise,
6-O-allyl derivatives undergo a related transformation leading
to a polyfunctionalized oxepane that have been used in an in-
tramolecular Pauson–Khand cyclization leading to a single tri-
cyclic compound. If the triggering 1,6-hydride transfer step is
avoided, e.g. by use of 6-O-TIPS derivative, the system behaves
as “normal“ Ferrier substrate able to react with heteroaryl nu-
cleophiles to generate C-3 branched glycal pyranosides. An ad-
ditional transformation was still possible in these substrates
owing to the highly nucleophilic nature of the Nicholas-activat-
ed glycal double bond, and then C-3 branched, bis-C-C-glyco-
sides can be accessed by reaction in the presence of a second
nucleophile. The use of 6-hydroxy derivatives as systems
unable to undergo 1,6-hydride
transfers and where the 6-OH
group would behave as an inter-
nal nucleophile, produces
branched tetrahydrofuran deriv-
atives ensuing from a ring con-
traction process.
Experimental Section
General procedure for the
preparation of cobalt-com-
plexed enynes 12–15 and 26
A solution of Co2(CO)8 (1.2 equiv)
in anhydrous CH2Cl2 (1 mL mmol
1)
was added to a solution of the cor-
responding enyne in CH2Cl2
(10 mL mmol1). The dark solution
was stirred at room temperature
until TLC showed complete formation of the complex (ca. 1–2 h).
The solvent of the resulting reaction mixture was then removed
under vacuum, and the residue was purified by flash chromatogra-
phy. Dicobalt hexacarbonyl complexed enynes 13, 15 and 26 were
used after chromatography without further characterization (12 a :
86 %; 12 c : 69 %; 12 d : 70 %; 13 a : 80 %; 13 b : 77 %; 13 c : 98 %; 13 d :
83 %; 13 e : 76 %; 13 f : 70 %; 13 g : 90 %; 14 : 87 %; 15 : 75 %; 26 a :
70 %; 26 d : 70 %).
General procedure for the preparation of oxepanes 17, 24
and 27 from cobalt-complexed enynes
A solution of the corresponding cobalt complex (1 equiv) in dry
CH2Cl2 (100 mL mmol
1) under an argon atmosphere and in the
presence of 4  molecular sieves was cooled to 20 8C, and treat-
ed with BF3·Et2O (1.2 equiv). The mixture was kept at this tempera-
ture until no further progress was revealed by TLC analysis, and
then quenched with saturated aqueous NaHCO3. The cooling bath
was removed and the layers were separated. The aqueous layer
was extracted with CH2Cl2. The combined organic layers were
washed with brine, dried over Na2SO4, filtered, and concentrated,
in vacuo. The crude product was purified by silica gel chromatog-
raphy.
Procedure for Pauson–Khand cyclization of 27 a
A solution of dicobalt-enyne complex 27 a (78 mg, 0.12 mmol) in
CH2Cl2 (2 mL) under an argon atmosphere was cooled to 20 8C,
and treated with TMANO·2 H2O in five lots (7 mg, 0.06 mmol) in
30 min intervals. Stirring was maintained until complete disappear-
ance of the dicobalt-enyne complex (TLC monitoring), and the re-
action mixture was filtered through Celite, and washed with
CH2Cl2. The solvent was removed under vacuum and the residue
was purified by column chromatography (silica gel, hexanes/ethyl
acetate 7:3 to 1:1) to give the tricyclic compound 28 (24 mg. 49 %).
Data for compound 28 : [a]25D =143.4 (c 0.8, CHCl3) ;
1H NMR
(400 MHz, CDCl3): d= 8.03–7.92 (m, 2 H), 7.49–7.26 (m, 8 H), 4.76 (d,
J = 11.1 Hz, 1 H, CH2Ph), 4.45 (d, J = 11.2 Hz, 1 H, CH2Ph), 4.13–4.04
(m, 2 H, H-4, H-9b), 3.86–3.70 (m, 2 H, H-2, H-3), 3.52–3.40 (m, 1 H,
H-2), 3.33 (ddd, J = 9.2, 6.6, 3.0 Hz, 1 H, H-9a), 3.18 (ddd, J = 10.4,
8.7, 2.3 Hz, 1 H, H-5a), 3.10 (dd, J = 18.7, 6.5 Hz, 1 H, H-9), 2.62 (dd,
J = 18.6, 3.1 Hz, 1 H, H-9), 2.44 (ddd, J = 14.7, 6.3, 2.1 Hz, 1 H, H-5),
Scheme 12. Proposed reaction pathway for the formation of 36, 37 and 38 from 6-hydroxy glycal 15.
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2.01 ppm (dd, J = 14.6, 12.8 Hz, 1 H, H-5); 13C RMN (101 MHz,
CDCl3): d= 207.7, 201.9, 161.0, 141.2, 137.2, 131.0, 130.6 ( 2), 128.8
( 2), 128.8, 128.4, 128.3 ( 2), 128.2 ( 2), 83.0, 75.7, 72.1, 71.0, 69.1,
48.2, 46.6, 43.2, 26.0 ppm; HMRS: m/z calcd for [C25H24O5 + H]
+ :
405.1697; found 405.1706.
Procedure for tandem Nicholas–Ferrier reaction/Pauson–
Khand cyclization
A solution of dicobalt-enyne complex 26 a (64 mg, 0.085 mmol) in
dry CH2Cl2 (5 mL) under an argon atmosphere and in the presence
of 4  molecular sieves was cooled to 20 8C, and treated with
BF3·Et2O (14.5 mg, 0.10 mmol). The mixture was kept at this tem-
perature for 1 h, quenched by addition of Et3N (18 mL, 0.13 mmol)
at 20 8C and then stirred for an additional 30 min. While keeping
the temperature at 20 8C, TMANO·2 H2O was added in five lots
(7 mg, 0.06 mmol) in 30 min intervals and then the mixture was
stirred for 1 h, filtered through Celite, and washed with CH2Cl2.
The solvent was removed under vacuum and the residue was puri-
fied by column chromatography (silica gel, hexanes/ethyl acetate
7:3 to 1:1) to give tricyclic compound 28 (2 mg, 7 %).
Procedures for reaction of keto-oxepane 17 a with Lewis
acid/hydride donors
Method A : A solution of dicobalt enine complex 17 a (55 mg.
0.08 mmol) in dry CH2Cl2 (2 mL), under an argon atmosphere was
cooled to 50 8C and treated with BH3·SMe2 (0.09 mmol, 44 mL,
2.0 m solution in THF) and TMSOTf (41 mg, 0.18 mmol). The mixture
was kept at this temperature until complete disappearance of the
starting material (TLC monitoring) and then the reaction mixture
was diluted with CH2Cl2 and washed with aqueous NaHCO3, water
and brine. The solvent was removed under vacuum and the resi-
due was purified by column chromatography (silica gel, hexanes/
ethyl acetate 95:5) to give compound 29 as an inseparable 1:1
mixture of diastereomers (32 mg, 60 %). Method B : A solution of di-
cobalt enine complex 17 a (42 mg, 0.06 mmol) in dry CH2Cl2 (2 mL),
under an argon atmosphere was treated with Et3SiH (14 mg,
0.12 mmol) and InCl3 (41 mg, 0.18 mmol). The mixture was kept at
this temperature until complete disappearance of the starting ma-
terial (30 min) and then the reaction mixture was diluted with
CH2Cl2 and washed with aqueous NaHCO3, water and brine. The
solvent was removed under vacuum and the residue was purified
by column chromatography (silica gel, hexanes/ethyl acetate 95:5)
to give compound 29 (15 mg, 37 %).
General procedure for the reaction of cobalt-complexed
enyne 14 with nucleophiles
To a solution of the dicobalt-enyne complex 14 in dry CH2Cl2
(10 mL mmol1) and cooled to 20 8C, BF3·Et2O (1 equiv) and the
corresponding nucleophile (3 equiv) were added. The mixture was
kept at this temperature until no further progress was revealed by
TLC analysis (less than 30 min). The reaction was then quenched
with saturated aqueous NaHCO3. The cooling bath was removed
and the layers were separated. The aqueous layer was extracted
with CH2Cl2. The combined organic layers were washed with brine,
dried over Na2SO4, filtered, and concentrated in vacuo and the resi-
due was purified by column chromatography.
General procedure for the electrophilic addition to cobalt-
complexed enynes 31 to branched pyranoses 35
To a solution of the dicobalt-enyne complex 31 in dry CH2Cl2
(50 mL mmol1) and cooled to 20 8C, BF3·Et2O (1 equiv) and pyr-
role (2 equiv) were added. The mixture was kept at this tempera-
ture for the times shown in Table 7, and then quenched with satu-
rated aqueous NaHCO3. The cooling bath was removed and the
layers were separated. The aqueous layer was extracted with
CH2Cl2. The combined organic layers were washed with brine,
dried over Na2SO4, filtered, and concentrated in vacuo and the resi-
due was purified by column chromatography.
General procedure for the sequential one-pot synthesis of
branched pyranoses 35
A solution of the dicobalt-enyne complex 14 in dry CH2Cl2
(50 mL mmol1) and cooled to 20 8C, was treated with the appro-
priate nucleophile (3 equiv) and BF3·Et2O (1 equiv). The mixture
was kept at this temperature for 30 min, and then pyrrole (3 equiv)
and BF3·Et2O (1.2 equiv) were added. The mixture was kept at this
temperature until complete disappearance of the starting material
(TLC monitoring) and then the reaction mixture was diluted with
CH2Cl2 and washed with aqueous NaHCO3, water and brine. The
solvent was removed under vacuum and the residue was purified
by column chromatography.
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C-3-Branched Glycosides
Ferrier–Nicholas Cations from C-3-Alkynylglycals: Access to C-3-
Branched Allylic Glycosides and Ring-Opening Derivatives
Silvia Miranda,[a] Fernando Lobo,[a] Ana M. Gomez*[a] and J. Cristobal Lopez*[a]
Abstract: Hexacarbonyldicobalt–C-3-alkynyl-substituted glycal
derivatives, when treated with BF3·OEt2 give rise to Nicholas-
stabilized Ferrier cation intermediates (Ferrier–Nicholas cations)
that react with alcohols or C-nucleophiles to give C-3-branched
2,3-unsaturated glycosides or C-glycosides, respectively. α-C-
Glycosides were the sole compounds obtained when allyltri-
methylsilane was used as the nucleophile. On the contrary, the
reaction of C-3-alkynylglycals with heteroaryl or alcohol nucleo-
Introduction
Hex-2-enopyranoses or pseudoglycals (e.g., 3) have been used
extensively in carbohydrate chemistry, and – arguably – they
represent one of the most appealing classes of carbohydrate
derivatives used in synthesis.[1,2] They have been used in the
preparation of a variety of natural products,[3] including anti-
biotics,[4] nucleosides,[5] glycopeptides,[6] and modified carbo-
hydrates.[7] Furthermore, the olefin moiety in 2,3-unsaturated
glycosides can be readily functionalized[8] to give access to 2-
deoxy, 2,3-dideoxy, and other highly deoxygenated oligosac-
charides. Additionally, the discovery of 2′,3′-unsaturated hexo-
pyranosyl nucleosides with antibiotic activity, i.e., blasticidin S,[9]
and mildiomycin,[10] both found in nature, has contributed to
the interest in the preparation of unsaturated pyranosyl nucleo-
side analogues.
Among the different approaches for the preparation of 2,3-
unsaturated O- and S-glycosides and their N- and C-glycosyl
analogues, the Lewis acid catalysed Ferrier rearrangement of
pyranosidic glycals (1,5-anhydrohex-1-enitols; e.g., 1 → 3;
Scheme 1a) continues to be the method of choice.[11] Typically,
this reaction is carried out with glycal derivatives having a good
leaving group (e.g., acetate, carbonate, or trichloroacetimidate)
at C-3. The proposed reaction pathway involves an initial coor-
dination of the C-3-acyloxy group with the Lewis acid, followed
by its departure to give a highly resonance-stabilized oxocarb-
enium ion 2. The latter behaves as a hard acid at the C-1 site,
and so the nucleophile attacks the anomeric (C-1) carbon atom.
[a] Department of Bio-Organic Chemistry, Instituto de Química Orgánica
General (IQOG-CSIC),
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philes led to anomeric mixtures in which the -anomers pre-
vailed. The presence of the hexacarbonyldicobalt–C-3-alkynyl
substituent seems to be of key importance in the stereoselectiv-
ity of these transformations, since the reaction of C-3-alkynyl-
glycals – devoid of the hexacarbonyldicobalt moiety – showed
a preferred α-stereoselectivity. Furthermore, a bis(indolyl) linear
compound was obtained from the reaction of a hexacarbonyl-
dicobalt–C-3-alkynylglycal with 2 equiv. of indole.
In addition, transition metals such as Pd[12] and Au[13] have also
been shown to catalyse Ferrier-type glycosylations of appropri-
ately C-3-functionalized glycal derivatives. The stereoselectivity
of the process is generally pronounced, and α-isomers are al-
ways obtained as the major products. Two exceptions to this,
however, are the Pd-catalysed Ferrier-type O-glycosylation reac-
tions of tert-butyloxycarbonyl and allyloxycarbonyl glycals
recently reported by Lee[12a] and Liu,[12d] respectively, which,
unlike traditional acid-mediated processes, both give rise to
-O-glycosides.[14]
Scheme 1. (a) Ferrier rearrangement, (b) Nicholas reaction, and the cationic
intermediates, 2 and 5, respectively, involved in these transformations.
On the other hand, the Nicholas reaction, a transformation
based on the considerable stability of propargylcobalt cations
(e.g., 5; Scheme 1b) is a useful, well-established method for the
preparation of propargylic derivatives (e.g., 6; Scheme 1b).[15]
The Nicholas reaction involves the attack of a nucleophile onto
a Co2(CO)6-stabilized propargylic cation 5, which is generated
by either protic or Lewis acid treatment of the corresponding
Co2(CO)6-complexed propargyl alcohol or a derivative (i.e., 4).
The application of the Nicholas reaction to sugar acetylenes
was pioneered by the extensive work of Isobe's group,[16] and
this contributed to the development of this chemistry. Some
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Scheme 2. Ferrier–Nicholas C-1 cation 8, and Ferrier–Nicholas C-3 cation 10. TIPS = triisopropylsilyl.
other research groups have also reported on the application of
these transformations to carbohydrate substrates.[17]
As part of our recent studies on the synthetic transforma-
tions of polyfunctionalized carbohydrates,[18] we have shown
that the stabilization of allylic anomeric oxycarbenium ions by
an adjacent Nicholas-type hexacarbonyldicobalt–alkynyl group
(e.g., 8; Scheme 2a)[19] might give rise to unexpected reaction
pathways.[20,21]
These findings encouraged us to study the behaviour of new
hexacarbonyldicobalt–C-3-alkynylglycals (i.e., 9; Scheme 2b),
where the stabilizing Co2(CO)6-complexed propargyl group is
located at C-3 rather than at C-1 (compare 7 and 9; Scheme 2).
In this context, based on ample literature precedent,[16,17] we
anticipated that alkynylglycals 9 would show higher reactivity
than the parent 3-alkynyl-3-hydroxyglycals (e.g., 14; Scheme 3)
under chemical glycosylation conditions.[22] In this paper, we
report on the reactivity and stereoselectivity of the Lewis acid
mediated Ferrier-type glycosylation of hexacarbonyldicobalt–C-
3-alkynylglycals towards O- and C-nucleophiles, and a compari-
son with the parent “decobaltated” C-3-alkyne derivatives. The
overall process allows access to C-3-branched allylic O- and
C-heteroaryl glycosides, usually with enhanced anomeric
-stereoselectivity.
Scheme 3. Synthetic route to Co2(CO)6-complexed propargylglycals 15.
Results and Discussion
Synthesis of the Starting Alkynylglycal
The synthesis of the starting propargyl derivatives 15, starting
from commercially available 3,4,6-tri-O-acetyl-D-glucal (11), is
outlined in Scheme 3.[23] Thus, protecting-group exchange on
11 led to 3,4,6-tri-O-benzyl-D-glucal (12),[24] which was select-
Eur. J. Org. Chem. 2017, 2501–2511 www.eurjoc.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2502
ively converted into hexenulose 13[25] by Kirschning's hyper-
valent-iodine oxidation.[26] Addition of lithium phenylacetylide
to 13 led to a mixture of carbinols 14 (2.5:1 diastereomeric
mixture), which, as such, was treated with Co2(CO)8 in CH2Cl2
to give diastereomeric Co2(CO)6-complexed propargylglycals
15.
Reaction with Oxygen Nucleophiles
For the initial glycosylation studies of alcohols with glycals 15,
we chose methanol. The glycosylation reactions were carried
out with BF3·OEt2 (0.12 or 1.2 equiv.) in CH2Cl2 at –20 °C, and
our results are shown in Table 1. In all cases, the glycosylation
took place smoothly to give inseparable mixtures of α- and -
glycosides 16a.
Table 1. Reaction of glycal 15 with methanol in the presence of BF3·OEt2.
Entry BF3·OEt2 Time Product ratio[a] Yield[b]
[mol-%] [min] α/ [%]
1 0.12 20 1.1:1 17
2 0.12 40 1:1.7 33
3 0.12 60 1:2 50
4 0.12 90 1:2.5 77
5 0.12 120 1:3 86
6 0.12 120 1:3 86[c]
7 1.2 60 1:3 87
[a] Anomeric ratio determined by 1H NMR spectroscopic analysis of 16a
mixtures; a similar ratio was maintained for the 16b mixtures obtained by
decobaltation of 16a. [b] Isolated yields. [c] This reaction was carried out at
room temperature.
It is apparent from the results shown in Table 1 that this
glycosylation seems to operate under thermodynamic control.
When the reaction was carried out at –20 °C, shorter reaction
times resulted in lower conversions, and higher amounts of the
α-anomers were observed (Table 1, compare Entries 1–5). Also,
the same α/ ratio (1:3) of glycosides 16a was observed after a
545
Full Paper
reaction time of 2 h either at –20 °C, at room temperature
(0.12 mol-%, BF3·OEt2), or in the presence of 1.2 mol-% of
BF3·OEt2 (Table 1, Entries 5, 6, and 7, respectively).
The anomeric ratio of the “cobaltated” methyl glycosides 16a
could be measured by 1H NMR spectroscopy (Table 1, Entries 1–
6).[27] These mixtures of glycosides proved to be relatively stable
in the absence of solvent, and could be kept at room tempera-
ture for up to a week without noticeable decomposition. How-
ever, when in solution (CH2Cl2, CHCl3) these anomeric mixtures
tended to decompose rapidly (24 h). The anomeric ratio of
these mixtures of glycosides was not affected by decobaltation
[tetra-n-butylammonium fluoride (TBAF)/THF] and was main-
tained in the corresponding mixtures of 16b.
Similarly, glycal 15 underwent glycosylation reactions with
benzyl alcohol, n-pentenol, and 1,2:3,4-di-O-isopropylidene-D-
galactopyranose, in the presence of BF3·OEt2 (1.2 equiv.) in
CH2Cl2 at –20 °C, to give glycosides 17a, 18a, and 19a, respec-
tively, in moderate yields and with α/ ratios of 1:3 in all cases
(Figure 1).
Figure 1. Glycosides obtained by reaction of various alcohols with glycal 15.
The fact that -anomers, rather than the “normally” expected
α-anomers, were obtained as major isomers in these glycosyl-
ations (Table 1, Entries 5–7, and Figure 1) led us to investigate
whether this behaviour could be ascribed to the presence of
the hexacarbonyldicobalt–C-3-alkynyl branch. Thus, decobalt-
ated C-3-alkynyl derivative 14 was subjected to the glycosyl-
ation reaction with MeOH. This gave 2,3-unsaturated methyl
glycosides 16b (60 % yield) as an α/ = 6:1 anomeric mixture
(Scheme 4). Subsequent cobaltation [Co2(CO)8, CH2Cl2] of 16b,
followed by treatment with BF3·OEt2, then restored an α/ =
1:3 anomeric mixture of methyl glycosides 16a (Scheme 4).
Scheme 4. Inversion of the α/ ratio in methyl glycosides 16b and 16a. The
latter was prepared by cobaltation followed by BF3·Et2O-mediated equilibra-
tion of the former (16b).
Based on these results, we can conclude that the presence
of the cobalt–alkynyl complex at C-3 is responsible for the re-
versal in the anomeric stereoselectivity (-anomer preferred)
observed in the glycosylation reactions with Nicholas-type
glycal 15, when compared to glycosylations with glycal 14.
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A preliminary assignment of the configuration at the ano-
meric centre in glycosides 16a–19a was initially carried out on
the basis of the J4-H,5-H coupling constants of the corresponding
decobaltated (TBAF/THF or I2/THF) derivatives 16b–19b, since
2,3-unsaturated O-glycosides have been shown to have well-
differentiated coupling constants for the α- (J4-H,5-H ≈ 9 Hz) and
-anomers (J4-H,5-H ≈ 2 Hz).[28] However, the unambiguous as-
signment of the anomeric configuration of glycosides 16 was
carried out by analysis of methyl glycoside 20, which was ob-
tained by hydrogenation of a 6:1 mixture of glycosides 16b
(obtained as outlined in Scheme 4) followed by acetylation. This
reaction sequence led to the formation of an inseparable mix-
ture of isomers, in which α-20 (Scheme 5; δ = 4.74 ppm, J1,2ax
≈ J1,2eq = 4.6 Hz, 1-H) was assigned as the dominant isomer.
Furthermore, a through-space interaction between the ano-
meric methoxy group and 5-H was observed in the NOESY
spectrum of compound 20. This allowed α-20 to be correlated
with the major isomer formed in the transformation 14 → 16b
(Scheme 4); by corollary, the anomeric -orientation was as-
signed to the major isomers obtained in the glycosylations of
MeOH with 15 (Table 1).
Scheme 5. Synthesis of methyl α-glycoside 20 from a 6:1 mixture of allylic
glycosides 16b.
The anomeric orientation in compounds 17b, 18b, and 19b
was then inferred by analogy with 16b, both in the observed
reaction pattern (where longer reaction times favoured the for-
mation of the -anomers), and in the analysis of the 1H NMR
spectra of 16b compared to those of 17b, 18b, and 19b
(Table 2). Thus, in the in 1H NMR spectrum of compound -16b,
the 1-H signal appeared as a doublet of doublets (dd) with
coupling constants J1,2 = 2.2 Hz and J1,4 = 1.1 Hz (Table 2,
Entry 1); in the 1H NMR spectrum of compound α-16b, the 1-H
signal appeared as a broad doublet (br. d) with a coupling con-
stant J1,2 = 3.1 Hz (Table 2, Entry 5). Similar multiplicities and
coupling constants were observed for the 1-H signal in com-
pounds 17b–19b (compare Table 2, Entry 1 with Entries 2, 3,
and 4; and Table 2 Entry 5 with Entries 6, 7, and 8).[29]
Table 2. 1H NMR spectroscopic data for the anomeric proton in compounds
16b–19b.
Entry Compound δ1-H [ppm] Multiplicity J1,2 [Hz] J1,4 [Hz]
1 -16b 5.11 dd 2.2 1.1
2 -17b 5.29 dd 2.3 1.0
3 -18b 5.18 dd 2.1 1.3
4 -19b 5.28 dd 2.2 1.0
5 α-16b 5.02 br. d 3.1 –
6 α-17b 5.24 br. d 3.2 –
7 α-18b 5.12 br. d 3.2 –
8 α-19b 5.20 br. d 3.2 –
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Reaction with Carbon Nucleophiles
Allyltrimethylsilane, usually the nucleophile of choice for prob-
ing Ferrier rearrangements leading to C-glycosylation, was cho-
sen to test the reactivity of cobalt-complexed alkynylglycal 15.
Accordingly, treatment of 15 with allyltrimethylsilane in the
presence of BF3·OEt2 (1.2 equiv., CH2Cl2, –20 °C, 1 h) followed
by decobaltation by treatment with tetra-n-butylammonium
fluoride (TBAF) in THF,[30] resulted in the exclusive isolation of
α-C-glycoside 22b in 70 % yield (Scheme 6). A polar inter-
mediate was observed (TLC) during the course of the reaction.
For this we propose the hemiacetal structure 21, since its
disappearance coincided with the formation of C-glycoside
22a.
Scheme 6. Glycosylation of allytrimethylsilane with glycal 15 leading to α-C-
glycoside 22a. Hemiacetal 21 represents a postulated reaction intermediate
(see Supporting Information).
The structural assignment and characterization of C-glyc-
oside 22a was carried out on cobalt-free derivative 22b. The α-
stereochemistry in 22b was preliminarily assigned on the basis
of its observed J4-H,5-H coupling constant: J4-H,5-H = 6.2 Hz
(carbohydrate numbering). This assignment was made based
on the studies of Achmatowicz and Bukowski,[31] and of Anto-
nakis and co-workers,[32] which established coupling-constant
values of J4-H,5-H = 8–10 Hz for structurally related 2,3-unsatu-
rated -C-glycosides, and coupling-constant values of J4-H,5-H =
4.4–9.0 Hz for the corresponding α-C-glycosides. This assign-
ment was confirmed on the basis of a through-space interac-
tion between 5-H and the CH2 protons attached to the ano-
meric substituent C-1′, which were observed in the NOESY
spectrum of C-glycoside 22b (Scheme 6).
To test the role of the cobalt complex in the reactivity of
alkynyl derivative 15, we carried out a related C-glycosylation
with “decobaltated” alkynylglycal 14 (Scheme 7). Indeed, the
presence of the Co2(CO)6-complexed propargyl group proved
to be relevant, since the reaction of alkynylglycal 14 with allyl-
trimethylsilane led to C-glycoside 22b in 12 % yield (Scheme 6).
In this context, only a few successful examples of Ferrier
glycosylation reactions of allyltrimethylsilane with non-acylated
glycals have been reported, and these all involved the use of
special catalysts (InBr3,[33] Bi(OTf )3,[34] ZrCl4,[35] or HClO4·
Scheme 7. Two routes to 3-alkynyl-2,3-unsaturated C-glycoside 22b.
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SiO2[36]). Alternatively, the incorporation of the hexacarbonyldi-
cobalt–alkynyl branch at C-3 of the glycal results in an increased
reactivity in Ferrier-type C-allylations, meaning that BF3·Et2O
can be used as catalyst.
As a result of the interest in heterocyclic compounds in a
variety of areas, we next turned our attention to the C-glycosyl-
ation of N-methylindole[37] and furan[38] with glycal 15, to gain
access to heteroaromatic C-glycosyl derivatives.
Accordingly, the glycosylation reactions of N-methylindole
with Ferrier–Nicholas glycal 15 and, for the sake of comparison,
with Ferrier glycal 14, were studied in the presence of BF3·OEt2
(0.12 equiv.) at –20 °C in CH2Cl2. Our results in terms of yields
and stereoselectivities are shown in Table 3.
Table 3. Reaction of glycals 15 and 14 with N-methylindole to give glycosyl
indoles 23b.
Entry Glycal Reaction time Product Yield
[min] (α/ ratio)[a] [%]
1 15 10 23b (3:1) 43[b]
2 15 40 23b (1:1) 73[b]
3 15 60 23b (1:2) 69[b]
4 14 20 23b (2:1) 4
5 14 60 23b (1.5:1) 12
[a] Ratio determined after isolation of the individual isomers by chromatogra-
phy. [b] Yield over two steps.
It soon became evident that “Nicholas” activation was critical
for obtaining synthetically useful yields of heteroaryl C-glycos-
ides 23 (compare 69 vs. 12 % yield; Table 3, Entries 3 and 5).
On the other hand, the α/ anomeric ratios of the resulting
separable C-indolyl derivatives 23b varied from 3:1 (10 min), to
1:1 (40 min), and to 1:2 (60 min) (Table 3, Entries 1, 2, and
3). These results were consistent with the tendency previously
observed in the glycosylation of methanol with glycal 15
(Table 1), where longer reaction times favoured the formation
of -glycosides over α-glycosides (see Table 1, Entries 1–5).
Similarly, a related glycosylation of furan with glycal 15 at
–20 °C in CH2Cl2 led to a mixture of C-glycosides 24b as a 3:1
α/ (inseparable) anomeric mixture within 20 min (Table 4, En-
try 1). Increasing the reaction time (60 min) led to a change
in the anomeric ratio in favour of the -anomer (1:1; Table 4,
Entry 2).
The configuration of the anomeric centre in compounds 23a
(α, ) was assigned using the relationship between α-23b and
-23b, based on an observed NOE between 5-H and 1-H in the
latter compound (Figure 2). This assignment was in agreement
with previous studies by Sinou, Daves and co-workers on re-
lated anomeric C-glycosyl pairs.[39] According to them, in the
13C NMR spectra of these glycosyl pairs, the chemical shift for
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Table 4. Reaction of glycals 15 with furan to give C-glycosides 24b.
Entry Reaction time α/ ratio of 24b[a] Yield of 24b (2 steps)
[min] [%]
1 20 3:1 56
2 60 1:1 60
[a] Ratio determined by 1H NMR spectroscopy.
C-5 in the α-anomer is expected to be 2–7 ppm upfield of the
corresponding resonance for the -anomer, owing to a γ-
gauche effect.[40] In our case, the chemical shift for C-5 in com-
pound -23b was observed at δ = 78.1 ppm, whereas the C-5
signal for the isomeric α-23b compound appeared at δ =
74.3 ppm (Figure 2).
Figure 2. α- and -C-glycosides 23b and 24b, along with some of their rele-
vant 1H and 13C NMR spectroscopic data. The arrows in -23b indicate a
through-space interaction observed in an NOE experiment.
Thus, we postulated an α-anomeric orientation (α-24b) for
the major isomer formed in the C-glycosylation of furan with
glycal 15 after a reaction time of 20 min (Table 4, Entry 1). The
chemical shifts observed for C-5 in decobaltated compounds
α-24b and -24b also supported this assignment (Figure 2;
α-24b: δC-5 < 74.1 ppm; -24b: δC-5 = 77.8 ppm).
On the other hand, no relevant differences were observed in
the J4-H,5-H coupling constants of their decobaltated (TBAF/THF)
derivatives 23b (α, ) and 24b (α, ) (Figure 2).
The results in Tables 3 and 4 seem to indicate the existence
of an equilibrium in favour of the thermodynamically more sta-
ble -anomers in doubly activated C-heteroaryl derivatives 23a
and 24a. The overall transformation could be rationalized by
the intermediacy of an open-chain allylic cation intermediate
25 (Scheme 8).[1b,41–43]
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Scheme 8. Proposed “α/” equilibration in C-hetarylglycosides via an open-
chain allylic Nicholas cation intermediate 25.
The nature of the C-3 substituent has (again) some influence
on the stereochemical preference in the formation of C-indolyl
derivatives 23. Thus, although hexacarbonyldicobalt–C-3-alkyn-
yl derivative 15 led selectively to the C-indolyl -anomer
(Table 3, Entry 3), the α-anomer was the preferred isomer
(α/ = 1.25:1) after equilibration of “decobaltated” α-23b or -
23b in CDCl3 (Scheme 9).
Scheme 9. CDCl3-mediated equilibration of C-indolyl derivatives α-23b and
-23b.
Conversely, no (α/) equilibration was observed for C-allyl-
glycoside 22a when it was submitted to prolonged reaction
times in the presence of BF3·Et2O. This shows that additional
stabilization of the Nicholas allylic cation by the heteroaryl sub-
stituent is likely to be required in the formation of the open-
chain cation.
Finally, the relevance of the C-3 “Nicholas appendage” to the
activation of these allylic systems was demonstrated with the
formation of open-chain bis(indolyl) derivative 26, through the
reaction of glycal 15 with 2 equiv. of indole in the presence of
BF3·OEt2 (1.2 equiv.) (Scheme 10). Thus, reaction of 15 with
indole (2.0 equiv.) in CH2Cl2 mediated by BF3·OEt2 at –78 °C
yielded exclusively open-chain bis(indolyl) derivative 26a in
78 % yield, as a >15:1 mixture.
Scheme 10. Formation of open-chain bis(indole) derivative 26b from glycal
15.
The formation of 26a can be easily rationalized as being due
to the reaction of open-chain intermediate 25 (Scheme 8) with
a second indole molecule. The alternative ring-closing reaction
to give dihydropyran derivative 23a was observed when limited
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amounts of indole were used. The trapping of open-chain forms
of carbohydrate-derived Nicholas-type cations by an external
nucleophile has been previously observed by Tanaka and
Isobe.[15g,44] In the course of the reaction, olefinic isomerization
takes place, which is in agreement with previous observations
by Tanaka and Isobe in related systems. According to their stud-
ies, formation of the (E) isomer was preferred.[45]
Conclusions
Hexacarbonyldicobalt–C-3-alkynylglycals, readily obtained from
C-3-alkynylglycals, are able to glycosylate alcohols and carbon
nucleophiles such as allyltrimethylsilane, furan, and N-methyl-
indole. In these reactions, O- and C-glycosides can be obtained
in good yields. Compared to glycosylations with the parent C-
3-alkynylglycal derivatives, the hexacarbonyldicobalt moiety
confers a higher reactivity to the system. A difference in the
stereoselectivity of the glycosylation reactions was also ob-
served when comparing hexacarbonyldicobalt–C-3-alkynyl-
glycals and C-3-alkynylglycals. The former showed a higher
preference for -anomer formation in reactions with alcohols or
heteroaryl nucleophiles when longer reaction times were used,
probably due to anomeric equilibration under thermodynamic
conditions. Conversely, no equilibration was observed in the
glycosylation of allyltrimethylsilane, and C-allylglycosides were
obtained as α-anomers exclusively. Finally, the presence of an
open-chain intermediate in the equilibration of α- and -ind-
olyl-C-glycosides was confirmed by the obtention of a bis-
(indolyl) open-chain derivative 26 when a second equivalent of
indole was present in the reaction mixture.
Experimental Section
General Methods: All solvents and reagents were obtained com-
mercially and used as received, unless otherwise stated. Residual
water was removed from starting materials by repeated co-evapora-
tion. Reactions were carried out at ambient temperature, unless
otherwise stated. All moisture-sensitive reactions were carried out
in dry flasks fitted with glass stoppers or rubber septa under a
positive pressure of argon. Air- and moisture-sensitive liquids and
solutions were transferred by syringe or stainless steel cannula. An-
hydrous MgSO4 or Na2SO4 was used to dry organic solutions during
workup, and evaporation of the solvents was carried out under re-
duced pressure using a rotary evaporator. Flash column chromatog-
raphy was carried out using 230–400 mesh silica gel. Thin-layer
chromatography was carried out on Kieselgel 60 F254 (Merck).
Spots were observed first under UV irradiation (254 nm), then by
charring with a solution of H2SO4 (20 % aq.; 200 mL) in AcOH
(800 mL). 1H (300, 400, or 500 MHz) and 13C (75, 100, or 125 MHz)
NMR spectra were recorded in CDCl3. Chemical shifts are expressed
in parts per million (δ scale) downfield from tetramethylsilane, and
are referenced to residual proton signals from the NMR solvent
(CHCl3: δ = 7.25 ppm). Coupling constants (J) are given in Hz. Where
indicated, NMR peak assignments were made by using COSY and
HSQC experiments. 13C NMR spectra were proton-decoupled. The
numbering pattern used for the 1H NMR spectroscopic data listing
is in accordance with carbohydrate numbering. Mass spectra were
recorded by direct injection with an Agilent 6250 Accurate Mass Q-
TOF LC–MS mass spectrometer equipped with an electrospray ion
source in positive mode.
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1,5-Anhydro-4,6-di-O-benzyl-2-deoxy-3-(2-phenylethynyl)-D-
arabino-hex-1-enitol and 1,5-Anhydro-4,6-di-O-benzyl-2-deoxy-
3-(2-phenylethynyl)-D-ribo-hex-1-enitol (14): A flame-dried
round-bottomed flask (25 mL) equipped with a stirrer bar and an
argon inlet was loaded with a solution of phenylacetylene (560 mg,
5.4 mmol) in dry THF (5 mL). The mixture was cooled to –78 °C,
and then n-butyllithium (3.2 mL, 5.1 mmol) was added. After 30 min
at –78 °C, a solution of the ketone 13[24] (1.1 g, 3.4 mmol) in dry
THF (10 mL) was added. The reaction mixture was kept at that
temperature for 2 h. The mixture was then diluted with diethyl
ether and washed with water (10 mL), and the aqueous phase was
reextracted with diethyl ether (3 × 15 mL). The organic layers were
dried with Na2SO4, filtered, and concentrated in vacuo. The residue
was purified by flash column chromatography (hexane/ethyl acet-
ate, 95:5) to give 14 (0.85 g, 58 %) as an inseparable mixture of
stereoisomers. 1H NMR (300 MHz, CDCl3): δ = 7.47–7.27 (m, 15 H,
15 Ar), 6.38 (d, J1,2 = 5.9 Hz, 1 H, 1-H), 4.96 (d, J = 11.8 Hz, 1 H,
CH2Ph), 4.89 (d, J1,2 = 5.9 Hz, 1 H, 2-H), 4.81 (d, J = 11.8 Hz, 1 H,
CH2Ph), 4.66 (d, J = 12.0, 1 H, CH2Ph), 4.57 (dd, J = 12.0, 1 H, CH2Ph),
4.25 (dt, J4,5 = 10.0, J5,6 = J5,6′ = 3.2 Hz, 1 H, 5-H), 3.94 (dd, J4,5 =
10.0, 1 H, 4-H), 3.90–3.79 (m, 2 H, 6-H), 2.33 (m, 1 H, OH) ppm. 13C
NMR (75 MHz, CDCl3): δ = 143.6, 138.5, 137.9, 131.8 (2 C), 128.5 (3
C), 128.4 (2 C), 128.3 (2 C), 128.0 (2 C), 127.9 (2 C), 127.8, 127.8,
127.0, 105.2, 89.0, 86.8, 78.3, 76.6, 74.3, 73.7, 69.7, 68.7 ppm. HRMS
(ESI+): calcd. for [C28H26O4 + Na]+ 449.1729; found 449.1731.
C28H26O4 (426.51): calcd. C 74.82, H 5.83; found C 74.91, H 5.78.
Preparation of Cobalt-Complexed Enyne 15: A solution of
Co2(CO)8 (2.55 g, 7.2 mmol) in anhydrous CH2Cl2 (7 mL) was added
to a solution of 14 (2.46 g, 6 mmol) in CH2Cl2 (20 mL). The dark
solution was stirred at room temperature until TLC showed com-
plete formation of the complex (2 h). The solvent was then removed
under vacuum, and the residue was purified by flash chromatogra-
phy (hexane/ethyl acetate, 95:5) to give hexacarbonyldicobalt-com-
plexed enyne 15 (3.63 g, 85 %) as an inseparable mixture of dia-
stereomers. 1H NMR (400 MHz, CDCl3): δ = 7.54 (m, 2 H, Ar), 7.28
(m, 11 H, Ar), 7.12–7.03 (m, 2 H, Ar), 6.39 (d, J1,2 = 6.0 Hz, 1 H, 1-H),
4.90 (d, J1,2 = 6.0 Hz, 1 H, 2-H), 4.70 (m, 2 H, CH2Ph), 4.51 (m, 2 H,
CH2Ph), 4.21 (m, 2 H, 4-H, 5-H), 3.70 (m, 2 H, 6-H), 2.19 (s, 1 H, OH)
ppm. 13C NMR (101 MHz, CDCl3): δ = 199.6 (6 C), 143.4, 138.6, 137.9,
137.7, 129.6 (2 C), 128.8 (2 C), 128.7 (2 C), 128.6 (2 C), 128.5 (2 C),
128.2, 128.0 (2 C), 127.9, 127.5, 108.1, 100.8, 94.4, 79.8, 76.1, 75.2,
74.9, 73.6, 68.4 (C-6) ppm. HRMS (ESI+): calcd. for [C34H26Co2O10 +
Na]+ 735.0088; found 735.0091.
General Procedure A. Reaction of Cobalt-Complexed Enyne 15
with Methanol: A cooled (–20 °C) solution of cobalt complex 15
(1 equiv.) and methanol (3 equiv.) in dry CH2Cl2 (10 mL/mmol) un-
der argon and in the presence of molecular sieves (4 Å) was treated
with BF3·OEt2 (0.12 equiv. or 1.2 equiv.), and stirred for the time
indicated in Table 1. The reaction mixture was then quenched with
saturated aqueous NaHCO3. The cooling bath was removed, and
the layers were separated. The aqueous layer was extracted with
CH2Cl2. The combined organic layers were washed with brine, dried
with Na2SO4, filtered, and concentrated in vacuo. The crude product
was purified by silica gel chromatography. Decobaltation was car-
ried out by treatment with a solution of tetrabutylammonium fluor-
ide trihydrate (TBAF; 2 equiv.) in THF (10 mL/mmol; vide infra).
Complex 16a: A sample of this compound for characterization was
prepared from enyne 15 (71 mg, 0.1 mmol) and dry methanol
(12.1 μL, 0.3 mmol) in the presence of BF3·OEt2 (19 μL, 0.12 mmol).
Silica gel chromatography (hexane/ethyl acetate, 95:5) gave 16a
(63 mg, 87 %) as a 1:3 (α/) mixture of anomers. 1H NMR (300 MHz,
CDCl3, selected peaks): δ = 7.56–6.79 (m, Ar), 6.30 (dd, J1,2 = 3.3,
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J2,4 = 1.4 Hz, 1 H, 2-H, α-anomer), 6.28 (d, J1,2 = 2.7 Hz, 1 H, 2-H, -
anomer), 5.11–5.07 (m, 1-H), 3.48 (s, 3 H, OMe, α-anomer), 3.46 (s,
3 H, OMe, -anomer) ppm. 13C NMR (75 MHz, CDCl3): δ = 199.2 (6
C), 141.2, 138.5 (2 C), 138.2, 138.1, 138.0, 137.9, 135.4, 131.1, 129.7,
129.6 (2 C), 129.0, 128.9 (2 C), 128.8 (2 C), 128.5 (4 C), 128.3 (2 C),
128.1 (2 C), 128.0 (4 C), 127.9, 127.8 (2 C), 127.7, 127.6 (2 C), 127.1,
126.8 (2 C), 96.2, 95.1, 94.0, 91.5, 89.6, 74.0, 73.5, 73.4, 72.2 (2 C),
70.8, 70.7, 70.6, 69.3, 61.8, 55.7 (2 C) ppm. HRMS (ESI+): calcd. for
[C35H28Co2O10 + Na]+ 749.0244; found 749.0234.
Methyl 4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-
erythro-hex-2-enopyranoside 16b: For the sake of characteriza-
tion, complex 16a (63 mg, 0.09 mmol) was treated with TBAF in
THF (0.9 mL). Purification by flash chromatography (hexane/ethyl
acetate, 9:1) gave compound 16b (38 mg, 99 %) as an inseparable
1:3 (α/) mixture of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.44–
7.26 (m, 30 H, Ar), 6.18 (dd, J1,2 = 2.2, J2,4 = 0.8 Hz, 2-H, -anomer),
6.13 (dd, J1,2 = 3.1, J2,4 = 1.8 Hz, 1 H, 2-H, α-anomer), 5.11 (dd, J1,2 =
2.2, J1,4 = 1.1 Hz, 1 H, 1-H, -anomer), 5.02 (d, J1,2 = 3.1 Hz, 1 H, 1-
H, α-anomer), 4.99 (d, J = 10.7 Hz, 1 H, CH2Ph, α-anomer), 4.89 (d,
J = 11.3 Hz, 1 H, CH2Ph, -anomer), 4.71–4.63 (m, CH2Ph, α-and -
anomers), 4.56 (s, 2 H, CH2Ph, -anomer), 4.55–4.48 (m, 2 H, CH2Ph,
α- and -anomers), 4.31 (dd, J4,5 = 9.6, J2,4 = 1.8 Hz, 1 H, 4-H, α-
anomer), 4.12–4.07 (m, 2 H, 4-H, 5-H, -anomer), 4.02 (ddd, J4,5 =
9.5, J5,6a = 3.5, J5,6b = 2.6 Hz, 1 H, 5-H, α-anomer), 3.76 (dd, J6a,6b =
10.7, J5,6a = 3.5 Hz, 1 H, 6a-H, α-anomer), 3.73–3.57 (m, 3 H, 6b-H,
α-anomer, 2 6-H, -anomer), 3.48 (s, 3 H, OCH3, -anomer), 3.45 (s,
3 H, OCH3, α-anomer) ppm. 13C NMR (75 MHz, CDCl3): δ = 138.3,
138.2 (2 C), 138.0, 133.4, 131.8 (3 C), 131.7 (2 C), 131.1, 129.0, 128.7,
128.5 (4 C), 128.5 (6 C), 128.4 (5 C), 128.2, 128.1, 127.9 (2 C), 127.8
(4 C), 127.2, 124.3, 123.0, 122.9, 96.4, 95.7, 92.1, 91.5, 87.3, 86.5, 74.8,
73.7, 73.6, 73.5, 72.9, 71.8, 71.3, 69.9, 69.3, 68.9, 56.0, 55.5 ppm.
HRMS (ESI+): calcd. for [C29H28O4 + Na]+ 463.1885; found 463.1857.
C29H28O4 (440.54): calcd. C 79.07, H 6.41; found C 78.97, H 6.38.
General Procedure B. Reaction of Cobalt-Complexed Enyne 15
with Oxygen Nucleophiles: A solution of cobalt complex 15
(1 equiv.) and the appropriate alcohol (3 equiv.) in dry CH2Cl2
(10 mL/mmol) under argon and in the presence of molecular sieves
(4 Å) was cooled to –20 °C and treated with BF3·OEt2 (1.2 equiv.).
The mixture was kept at that temperature until TLC analysis re-
vealed no further progress. The mixture was then quenched with
saturated aqueous NaHCO3. The cooling bath was removed, and
the layers were separated. The aqueous layer was extracted with
CH2Cl2. The combined organic layers were washed with brine, dried
with Na2SO4, filtered, and concentrated in vacuo. The crude product
was purified by silica gel chromatography.
General Procedure C. Decomplexation of Cobalt-Complexed
Enyne Glycosides: A solution of the cobalt complex in THF (10 mL/
mmol) was treated with tetrabutylammonium fluoride trihydrate
(TBAF; 2 equiv.). The reaction mixture was stirred for 2 h, and then
it was diluted with Et2O and washed with water. The combined
organic layers were dried and concentrated. The residue was puri-
fied by silica column chromatography.
Complex 17a: This compound was prepared according to General
Procedure B from enyne 15 (117 mg, 0.16 mmol) and benzyl alcohol
(53 mg, 0.49 mmol). Silica gel chromatography (hexane/ethyl acet-
ate, 9:1) gave 17a (100 mg, 76 %) as an inseparable 1:3 (α/) mix-
ture of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.56–7.08 (m, 18 H,
Ar), 6.82–6.74 (m, 2 H, Ar), 6.31 (dd, J1,2 = 3.4, J2,4 = 1.4 Hz, 1 H, 2-
H, α-anomer), 6.29 (d, J1,2 = 2.8 Hz, 1 H, 2-H, -anomer), 5.31–5.26
(m, 2 H, 1-H, α- and -anomers), 4.87 (d, J = 11.9 Hz, 1 H, CH2Ph,
-anomer), 4.82 (d, J = 11.9 Hz, 1 H, CH2Ph, α-anomer), 4.67 (d, J =
11.9 Hz, 1 H, CH2Ph, α-anomer), 4.64–4.38 (m, 9 H), 4.25 (dt, J4,5 =
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8.3, J5,6a ≈ J5,6b = 3.2 Hz, 1 H, 5-H, α-anomer), 4.18 (m, 2 H, CH2Ph),
4.12 (d, J = 12.2 Hz, 1 H, CH2Ph), 3.78–3.67 (m, 2 H, 2 6-H, -anomer),
3.64 (dd, J6a,6b = 10.8, J5,6a = 3.6 Hz, 1 H, 6a-H, α-anomer), 3.57 (dd,
J6a,6b = 10.8, J5,6b = 2.6 Hz, 1 H, 6b-H, α-anomer) ppm. 13C NMR
(126 MHz, CDCl3): δ = 199.5, 199.2, 141.3, 138.5 (2 C), 138.1 (3 C),
138.0, 137.9, 137.8, 135.3, 129.8 (2 C), 129.7 (2 C), 129.5 (2 C), 128.9
(2 C), 128.8 (2 C), 128.6 (4 C), 128.5 (4 C), 128.3 (2 C), 128.1 (3 C),
128.0 (3 C), 127.9 (4 C), 127.8 (3 C), 127.7 (2 C), 127.6, 127.1 (2 C),
126.8 (2 C), 95.3, 94.7 (C-1α), 92.9 (C-1), 89.6, 74.1, 73.5 (2 C), 73.4,
72.2, 72.1, 70.7 (2 C), 70.5, 70.1, 69.7, 69.1 ppm. HRMS (ESI+): calcd.
for [C41H32Co2O10 + Na]+ 825.0557; found 825.0527.
Benzyl 4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-
erythro-hex-2-enopyranoside (17b): This compound was pre-
pared according to General Procedure C by treatment of complex
17a (56 mg, 0.07 mmol) with TBAF/THF. Purification by flash chro-
matography gave compound 17b (30 mg, 83 %) as an inseparable
1:3 mixture (α/) of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.39–
7.26 (m, 20 H, Ar), 6.24 (dd, J1,2 = 2.3, J2,4 = 0.8 Hz, 1 H, 2-H, -
anomer), 6.16 (dd, J1,2 = 3.2, J2,4 = 1.8 Hz, 1 H, 2-H, α-anomer), 5.29
(dd, J1,2 = 2.3, J1,4 = 1.0 Hz, 1 H, 1-H, -anomer), 5.24 (br. d, J1,2 =
3.2 Hz, 1 H, 1-H, α-anomer), 5.00 (d, J = 10.7 Hz, 1 H, CH2Ph, α-
anomer), 4.88 (d, J = 11.6 Hz, 1 H, CH2Ph, -anomer), 4.81 (d, J =
11.9 Hz, 1 H, CH2Ph, α-anomer), 4.75–4.45 (m, 10 H), 4.33 (dd, J4,5 =
9.6, J2,4 = 1.8 Hz, 1 H, 4-H, α-anomer), 4.12–4.12 (m, 2 H, 5-H, 6a-H,
α-anomer), 4.09 (ddd, J4,5 = 9.5, J5,6a = 3.7, J5,6b = 2.0 Hz, 1 H, 5-H,
α-anomer), 3.74 (m, 2 H, 6b-H, α- and -anomers), 3.61 (dd, J6a,6b =
10.6, J5,6b = 2.2 Hz, 1 H, 6a-H, -anomer) ppm. 13C NMR (75 MHz,
CDCl3): δ = 138.2 (2 C), 138.1 (2 C), 138.0, 137.7, 133.5, 131.9, 131.7
(4 C), 128.7 (2 C), 128.6, 128.5 (15 C), 128.4 (5 C), 128.4 (2 C), 128.3,
128.2 (2 C), 128.1 (2 C), 128.1 (2 C), 127.9 (2 C), 127.8 (2 C), 127.8,
127.2, 127.1, 123.8, 123.0, 94.3, 94.1, 92.2, 86.5, 74.7, 73.8, 73.6, 73.5,
72.7, 71.7, 71.3, 70.2, 69.9, 69.7, 69.4, 68.7 ppm. HRMS (ESI+): calcd.
for [C35H32O4 + NH4]+ 534.2644; found 539.2650.
Pent-4-en-1-yl 4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenyleth-
ynyl)-α/-D-erythro-hex-2-enopyranoside (18b): General Proce-
dure B was applied, starting from enyne 15 (70 mg, 0.1 mmol) and
4-pentenol (30 μL, 0.3 mmol). Silica gel chromatography (hexane/
ethyl acetate, 95:5) gave 18a. This material was immediately treated
with TBAF according to General Procedure C. Purification by flash
chromatography (hexane/ethyl acetate, 9:1) gave compound 18b
(29 mg, 60 %) as an inseparable 1:3 mixture (α/) of anomers. 1H
NMR (300 MHz, CDCl3): δ = 7.46–7.26 (m, 30 H, Ar), 6.20 (br. d, J1,2 =
2.1 Hz, 1 H, 2-H, -anomer), 6.14 (dd, J1,2 = 3.2, J2,4 = 1.7 Hz, 1 H, 2-
H, α-anomer), 5.95–5.70 (m, 2 H, CH2), 5.18 (dd, J1,2 = 2.1, J1,4 =
1.3 Hz, 1 H, 1-H, -anomer), 5.12 (br. d, J1,2 = 3.2 Hz, 1 H, 1-H, α-
anomer), 5.01 (m, 5 H), 4.90 (d, J = 11.3 Hz, 1 H, CH2Ph, -anomer),
4.73–4.64 (m, 2 H), 4.60–4.46 (m, 4 H, CH2Ph), 4.32 (dt, J4,5 = 9.4,
J2,4 = 1.7 Hz, 1 H, 4-H, α-anomer), 4.16–4.02 (m, 3 H), 3.89 (m, 1 H),
3.84–3.64 (m, 5 H), 3.52 (m, 1 H), 2.13 (m, 4 H), 1.71 (m, 4 H) ppm.
13C NMR (75 MHz, CDCl3): δ = 138.3, 138.2 (2 C), 138.1 (2 C), 137.9,
133.7, 132.0, 131.7 (4 C), 128.7, 128.6, 128.5 (10 C), 128.4 (3 C), 128.2,
128.1, 128.0, 127.9 (2 C), 127.8 (6 C), 126.9, 123.9, 122.9 (2 C), 115.0,
114.9, 95.5, 94.7, 92.0, 91.4, 87.3, 86.6, 74.7, 73.8, 73.5, 73.4, 72.9,
71.6, 71.3, 69.8, 69.2, 68.7, 68.0, 67.9, 30.5, 30.4, 29.1, 29.0 ppm.
HRMS (ESI+): calcd. for [C33H34O4 + Na]+ 517.2355; found 517.2346.
C33H34O4 (494.63): calcd. C 80.13, H 6.93; found C 80.07, H 6.88.
Complex 19a: This compound was prepared according to General
Procedure B from enyne 15 (71 mg, 0.1 mmol) and 1,2:3,4-di-O-
isopropylidene-α-D-galactopyranose (77.8 mg, 0.3 mmol). Silica gel
chromatography (hexane/ethyl acetate, 95:5) gave 19a (43 mg,
45 %) as an inseparable 1:3 mixture (α/) of anomers. 1H NMR
(500 MHz, CDCl3): δ = 7.57–6.79 (m, 15 H, Ar), 6.32 (d, J1′,2′ = 2.8 Hz,
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1 H, 2′-H, -anomer), 6.30 (dd, J1′,2′ = 3.4, J2′,4′ = 1.4 Hz, 1 H, 2′-H,
α-anomer), 5.53 (d, J1,2 = 5.0 Hz, 2 H, 1-H), 5.29 (d, J1′,2′ = 2.8 Hz, 1
H, 1′-H, -anomer), 5.27 (br. d, J1′,2′ = 3.4 Hz, 1 H, 1′-H, α-anomer),
4.61 (dd, J2,3 = 8.0, J3,4 = 2.5 Hz, 1 H, 3-H), 4.58 (d, J = 12.3 Hz, 1 H),
4.57 (dd, J2,3 = 7.9, J3,4 = 2.5 Hz, 1 H, 3-H), 4.52 (d, J = 11.7 Hz, 1 H),
4.49–4.40 (m, 6 H), 4.32 (dd, J4,5 = 5.0, J3,4 = 2.5 Hz, 1 H, 4-H, α-
anomer), 4.30 (dd, J4,5 = 5.0, J3,4 = 2.5 Hz, 1 H, 4-H, -anomer), 4.23
(dt, J4′,5′ = 8.0, J5′,6′a = J5′,6′b = 3.1 Hz, 1 H, 5′-H, α-anomer), 4.19 (m,
3 H, 4′-H, 2 6′-H, α-anomer), 4.12 (m, 1 H, 4′-H, -anomer), 4.07
(ddd, J5,6b = 6.3, J4,5 = 5.0, J5,6b = 1.7 Hz, 1 H, 5-H, α-anomer), 3.98
(m, 2 H), 3.89 (dd, J6a,6b = 10.4, J5,6a = 6.3 Hz, 1 H, 6-H, α-anomer),
3.86 (dd, J4′,5′ = 9.6, J5′,6′a = J5′,6′b = 4.8 Hz, 1 H, 5′-H, -anomer),
3.75 (dd, J6a,6b = 10.6, J5,6a = 6.9 Hz, 1 H, 6-H, α-anomer), 3.69–3.63
(m, 2 H, 5-H, 6b-H, -anomer), 1.54 (s, 3 H, CH3), 1.51 (s, 3 H, CH3),
1.45 (s, 3 H, CH3), 1.43 (s, 3 H, CH3), 1.35 (s, 3 H, CH3), 1.33 (s, 3 H,
CH3), 1.32 (s, 3 H, CH3), 1.30 (s, 3 H, CH3) ppm. 13C NMR (126 MHz,
CDCl3): δ = 199.3, 199.2, 140.9, 138.5, 138.4, 138.1, 138.0, 134.9,
129.8, 129.7 (2 C), 129.6 (2 C), 128.9 (2 C), 128.8 (2 C), 128.5 (4 C),
128.3 (4 C), 128.0 (3 C), 127.9 (3 C), 127.8 (2 C), 127.7, 127.5 (3 C),
127.1, 126.9, 109.4 (2 C), 108.8 (2 C), 96.5, 96.4, 95.8, 95.2, 94.5, 93.8,
91.5, 89.7, 73.8, 73.5, 73.4, 73.3, 72.2, 71.9, 71.4 (2 C), 71.1, 70.8 (3
C), 70.7 (2 C), 70.5, 69.1, 67.9, 67.8, 67.0, 66.5, 26.2, 26.1 (4 C), 25.2,




idene-α-D-galactopyranose (19b): This compound was prepared
according to General Procedure C from complex 19a (43 mg,
0.045 mmol) and TBAF. Purification by flash chromatography gave
compound 19b (27.7 mg, 92 %) as an inseparable 1:3 mixture
(α/) of anomers. 1H NMR (300 MHz, CDCl3): δ = 7.49–7.12 (m, 30
H, Ar), 6.26 (br. d, J1′,2′ = 2.2 Hz, 1 H, 2′-H, -anomer), 6.15 (dd,
J1′,2′ = 3.2, J2′,4′ = 1.8 Hz, 1 H, 2′-H, α-anomer), 5.54 (d, J1,2 = 5.0 Hz,
1 H, 1-H, -anomer), 5.51 (d, J1,2 = 5.0 Hz, 1 H, 1-H, α-anomer), 5.28
(dd, J1′,2′ = 2.2, J1′,4′ = 1.0 Hz, 1 H, 1′-H, -anomer), 5.20 (br. d,
J1′,2′ = 3.2 Hz, 1 H, 1′-H, α-anomer), 5.00 (d, J = 10.6 Hz, 1 H, CH2Ph),
4.87 (d, J = 11.4 Hz, 1 H, CH2Ph), 4.67 (d, J = 11.4 Hz, 1 H, CH2Ph),
4.62–4.53 (m, 3 H), 4.54 (s, 2 H, CH2Ph), 4.52–4.45 (m, 4 H, CH2Ph),
4.37–4.33 (m, 1 H, 3-H, α-anomer), 4.31 (dd, J4,5 = 5.0, J3,4 = 2.4 Hz,
1 H, 4-H, -anomer), 4.27 (dd, J4′,5′ = 8.0, J2′,4′ = 1.8 Hz, 1 H, 4′-H, α-
anomer), 4.17 (dd, J4′,5′ = 7.9, J1′,4′ = 1.0 Hz, 1 H, 4′-H, -anomer),
4.13–3.94 (m, 8 H), 3.86 (dd, J6′a,6′b = 10.0, J5,6′a = 5.9 Hz, 1 H, 6′a-
H, α-anomer), 3.81–3.70 (m, 4 H), 3.67 (dd, J6′a,6′b = 10.4, J5,6′b =
5.7 Hz, 1 H, 6′b-H, -anomer), 1.58 (s, 3 H, CH3), 1.54 (s, 3 H, CH3),
1.51 (s, 3 H, CH3), 1.44 (s, 6 H, CH3), 1.34 (s, 3 H, CH3), 1.33 (s, 3 H,
CH3), 1.32 (s, 3 H, CH3) ppm. 13C NMR (126 MHz, CDCl3; selected
peaks for -anomer): δ = 138.3, 138.1, 133.8, 131.8 (2 C), 128.5 (6
C), 128.4 (2 C), 128.2 (2 C), 127.9, 127.8 (2 C), 127.1, 123.7, 109.5,
108.7, 96.5, 91.4, 87.4, 74.7, 73.4, 72.8, 71.4, 71.3, 70.8, 70.6, 69.8,
67.6, 67.4, 26.3, 26.2, 25.1, 24.6 ppm. HRMS (ESI+): calcd. for
[C40H44O9 + Na]+ 691.2883; found 691.2879. C40H44O9 (668.78):
calcd. C 71.84, H 6.63; found C 71.69, H 6.61.
Synthesis of Methyl Glycosides 20 from 16b: A solution of allyl
glycoside 16b (72 mg, 0.16 mmol) as an inseparable 6:1 (α/) mix-
ture of anomers in dry MeOH (1.5 mL) was treated with H2 (balloon)
in the presence of Pd/C catalyst (10 % w/w; 7 mg), and stirred at
room temperature until TLC showed no further progress (23 h). The
reaction mixture was then diluted with CH2Cl2/MeOH (9:1) and
stirred for 30 min. The crude mixture was filtered through Celite,
which was then washed with CH2Cl2/MeOH (9:1). This material was
immediately treated with pyridine (1.6 mL, 0.02 mol) and acetic
anhydride (0.64 mL, 0.007 mol) until TLC showed that the acetylation
was complete (16 h). The mixture was filtered and concentrated
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in vacuo. Purification by silica gel chromatography (hexane/ethyl
acetate, 8:2) gave a mixture of diastereomers (35.3 mg, 63 %); α-20
was assigned as the major isomer. 1H NMR (300 MHz, CDCl3; se-
lected peaks for the major isomer): δ = 7.32–7.26 (m, 2 H, Ar), 7.22–
7.11 (m, 3 H, Ar), 4.97 (dd, J4,5 = 7.4, J3,4 = 4.6 Hz, 1 H, 4-H), 4.74 (t,
J1,2a = J1,2b = 4.6 Hz, 1 H, 1-H), 4.31 (dd, J6a,6b = 11.9, J5,6a = 6.2 Hz,
1 H, 6a-H), 4.12 (dd, J6a,6b = 11.9, J5,6b = 3.3 Hz, 1 H, 6b-H), 4.02
(ddd, J4,5 = 7.4, J5,6a = 6.2, J5,6b = 3.3 Hz, 1 H, 5-H), 3.38 (s, 3 H,
OCH3), 2.78–2.61 (m, 1 H), 2.60–2.39 (m, 1 H), 2.08 (s, 3 H, OAc), 2.06
(s, 3 H, OAc), 2.03 (m, 1 H, 3-H), 1.94–1.68 (m, 4 H, 2 2-H, CH2) ppm.
13C NMR (101 MHz, CDCl3): δ = 170.9, 170.4, 142.2, 128.5, 128.4,
126.0, 99.0, 69.9, 68.2, 63.5, 55.4, 33.6, 33.3, 31.1, 30.7, 21.1,
20.9 ppm. HRMS (ESI+): calcd. for [C19H26O6 + Na]+ 373.1627; found
373.1635.
General Procedure D. Reaction of Cobalt-Complexed Enyne 15
with Carbon Nucleophiles Followed by Decomplexation: A solu-
tion of cobalt complex 15 (1 equiv.) and the appropriate nucleo-
phile (2 equiv.) in dry CH2Cl2 (10 mL/mmol) under argon and in the
presence of molecular sieves (4 Å) was cooled to –20 °C and treated
with BF3·OEt2 (0.12 equiv.). The resulting mixture was kept at that
temperature for the time indicated in the text, or until TLC analysis
showed no further progress. The reaction mixture was then
quenched with saturated aqueous NaHCO3. The cooling bath was
removed, and the layers were separated. The aqueous layer was
extracted with CH2Cl2. The combined organic layers were washed
with brine, dried with Na2SO4, filtered, and concentrated in vacuo.
The crude product was purified by silica gel chromatography. The
residue was dissolved in THF (10 mL/mmol), and treated with tetra-
butylammoniumfluoride trihydrate (TBAF; 2 equiv.). The reaction
mixture was stirred for 2 h, and then it was diluted with Et2O and
washed with water. The combined organic layers were dried and
concentrated. The residue was purified by silica column chromatog-
raphy (hexane/ethyl acetate).
1,5-Anhydro-4,6-di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-
1-(prop-2-en-1-yl)-α-D-erythro-hex-2-enitol (22b): General Proce-
dure D was applied starting from enyne 15 (70 mg, 0.1 mmol) and
allyltrimethylsilane (22 mg, 0.2 mmol). Silica gel chromatography
(hexane/ethyl acetate, 95:5) gave pure 22a. This material was imme-
diately treated with TBAF according to the general procedure. Purifi-
cation by flash chromatography (hexane/ethyl acetate, 95:5) gave
compound 22b (32 mg, 70 %). 1H NMR (300 MHz, CDCl3): δ = 7.43–
7.27 (m, 15 H), 6.27 (dd, J1,2 = 3.0, J2,4 = 1.3 Hz, 1 H, 2-H), 5.86 (m,
1 H, 2′-H), 5.19–5.07 (m, 2 H, 3′-H), 4.93 (d, J = 11.1 Hz, 1 H, CH2Ph),
4.67–4.55 (m, 2 H, CH2Ph), 4.51 (d, J = 12.2 Hz, 1 H, CH2Ph), 4.35
(m, 1 H, 1-H), 4.10 (dt, J4,5 = 6.3, J1,4 = J2,4 = 1.3 Hz, 1 H, 4-H), 3.96
(ddd, J4,5 = 6.3, J5,6a = 4.9, J5,6b = 3.7 Hz, 1 H, 5-H), 3.70 (dd, J6a,6b =
10.4, J5,6a = 4.9 Hz, 1 H, 6a-H), 3.62 (dd, J6a,6b = 10.4, J5,6b = 3.7 Hz,
1 H, 6b-H), 2.52 (m, 1 H, 1′-H), 2.36 (m, 1 H, 1′-H) ppm. 13C NMR
(75 MHz, CDCl3): δ = 138.2, 137.5, 134.2, 131.6 (2 C), 129.9, 128.5 (4
C), 128.4 (4 C), 128.0 (2 C), 127.9, 127.8, 123.2, 121.5, 117.9, 90.1,
87.7, 73.5, 73.2, 72.0 (2 C), 71.4, 68.9, 38.2 ppm. HRMS (ESI+): calcd.
for [C31H30O3 + Na]+ 473.2093; found 473.2087. C31H30O3 (450.58):
calcd. C 82.64, H 6.71; found C 82.59, H 6.73.
3-[4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-
erythro-hex-2-enopyranosyl]-1-methyl-1H-indole (23b): General
Procedure D was applied starting from enyne 15 (70 mg, 0.1 mmol)
and 1-methylindole (26.2 mg, 0.2 mmol). Silica gel chromatography
(hexane/ethyl acetate, 95:5) gave 23a. This material was immedi-
ately treated with TBAF according to the general procedure. Purifi-
cation by flash chromatography gave compounds α-23b (12 mg,
23 %) and -23b (25 mg, 46 %). Data for α-23b: [α]D24 = +86.0 (c =
1.4, CHCl3). 1H NMR (300 MHz, CDCl3): δ = 7.85 (d, J = 7.9 Hz, 1 H),
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7.51–7.41 (m, 2 H, 2Ar), 7.37–7.16 (m, 16 H, Ar), 7.05 (s, 1 H, 2′-H),
6.58 (dd, J1,2 = 3.8, J2,4 = 1.4 Hz, 1 H, 2-H), 5.81 (dd, J1,2 = 3.8, J1,4 =
1.9 Hz, 1 H, 1-H), 5.04 (d, J = 10.7 Hz, 1 H, CH2Ph), 4.64–4.52 (m, 2
H, CH2Ph), 4.48–4.35 (m, 2 H, 4-H, CH2Ph), 3.83–3.71 (m, 4 H, 5-H,
NCH3), 3.68 (dd, J6a,6b = 10.6, J5,6a = 3.6 Hz, 1 H, 6a-H), 3.53 (dd,
J6a,6b = 10.6, J5,6b = 2.5 Hz, 1 H, 6b-H) ppm. 13C NMR (125 MHz,
CDCl3): δ = 138.3 (2 C), 137.5, 136.4, 134.0, 131.7 (2 C), 129.5, 128.5
(4 C), 128.4 (5 C), 128.2 (2 C), 127.9, 127.7, 127.3, 123.6, 123.3, 122.2,
120.1, 119.7, 112.1, 109.4, 90.3, 87.7, 74.3, 73.5, 72.0, 70.4, 69.1, 68.8,
32.9 ppm. HRMS (ESI+): calcd. for [C37H33NO3 + H]+ 540.2533; found
540.2496. C37H33NO3 (539.25): calcd. C 82.35, H 6.16, N 2.60; found
C 82.29, H 5.97, N 2.56. Data for -23b: [α]D24 = +0.34 (c = 1.4, CHCl3).
1H NMR (300 MHz, CDCl3): δ = 7.72 (dd, J = 7.8, 1.1 Hz, 1 H, Ar),
7.42–7.12 (m, 18 H, Ar), 7.11 (s, 1 H, 2′-H), 6.46 (t, J1,2 = J2,4 = 1.7 Hz,
1 H, 2-H), 5.62 (dd, J1,4 = 3.0, J1,2 = 1.7 Hz, 1 H, 1-H), 5.11 (d, J =
10.6 Hz, 1 H, CH2Ph), 4.67 (d, J = 10.6 Hz, 1 H, CH2Ph), 4.61 (d, J =
12.2 Hz, 1 H, CH2Ph), 4.54 (d, J = 12.2 Hz, 1 H, CH2Ph), 4.38 (ddd,
J4,5 = 9.0, J1,4 = 3.0, J2,4 = 1.7 Hz, 1 H, 4-H), 3.97 (ddd, J4,5 = 9.0,
J5,6a = 5.0, J5,6b = 2.3 Hz, 1 H, 5-H), 3.82 (dd, J6a,6b = 10.8, J5,6b =
2.3 Hz, 1 H, 6b-H), 3.82–3.70 (m, 4 H, 6a-H, NCH3) ppm. 13C NMR
(125 MHz, CDCl3): δ = 138.6, 138.3, 138.2, 137.5, 131.6 (2 C), 128.5
(6 C), 128.4 (3 C), 128.0 (2 C), 127.9, 127.6 (2 C), 126.6, 123.3, 122.7,
122.1, 120.1, 119.6, 113.7, 109.5, 90.5, 87.4, 78.1, 74.2, 73.6, 72.2,
71.6, 70.0, 32.9 ppm. HRMS (ESI+): calcd. for [C37H33NO3 + H]+
540.2539; found 540.2543. C37H33NO3 (539.25): calcd. C 82.35, H
6.16, N 2.60; found C 82.27, H 6.01, N 2.57.
2-[4,6-Di-O-benzyl-2,3-dideoxy-3-(2-phenylethynyl)-α/-D-
erythro-hex-2-enopyranosyl]furan (24b): General Procedure D
was applied starting from enyne 15 (70 mg, 0.1 mmol) and furan
(14.3 μL, 0.2 mmol). Silica gel chromatography (hexane/ethyl acet-
ate, 95:5) gave 24a. This material was immediately treated with
TBAF according to the general procedure. Purification by flash chro-
matography gave compound 24b (27.6 mg, 60 %). 1H NMR
(400 MHz, CDCl3): δ = 7.65–7.08 (m, 30 H, Ar), 6.40–6.30 (m, 4 H),
5.45 (dd, J1,2 = 3.8, J1,4 = 2.1 Hz, 1 H, 1-H, α-anomer), 5.37 (t, J1,2 =
J1,4 = 2.4 Hz, 1 H, 1-H, -anomer), 5.08–4.97 (m, 2 H, CH2Ph), 4.64–
4.51 (m, 5 H, CH2Ph), 4.46 (d, J = 12.1 Hz, 1 H, CH2Ph), 4.35 (td, J4,5 =
8.5, J1,4 ≈ J2,4 = 2.1 Hz, 1 H, 4-H, α-anomer), 4.29 (ddd, J4,5 = 8.8,
J1,4 = 2.4, J2,4 = 1.4 Hz, 1 H, 4-H, -anomer), 3.86 (ddd, J4,5 = 8.8,
J5,6a = 4.9, J5,6b = 2.2 Hz, 1 H, 5-H, -anomer), 3.82–3.68 (m, 2 H, 6-
H, -anomer), 3.79 (ddd, J4,5 = 8.5, J5,6a = 3.7, J5,6b = 2.3 Hz, 1 H, 5-
H, α-anomer), 3.72 (dd, J6a,6b = 10.7, J5,6a = 3.7 Hz, 1 H, 6a-H, α-
anomer), 3.62 (dd, J6a,6b = 10.7, J5,6b = 2.3 Hz, 1 H, 6b-H α-anomer)
ppm. 13C NMR (75 MHz, CDCl3): δ = 151.3, 143.3, 138.2, 138.1, 132.7,
131.7 (2 C), 128.6 (2 C), 128.5 (5 C), 128.4 (2 C), 128.2 (2 C), 128.2,
127.9, 127.8, 125.0, 123.1, 110.3, 91.0, 87.0, 74.1, 73.6, 73.5, 71.5,
71.3, 68.8 ppm. HRMS (ESI+): calcd. for [C32H28O4 + H]+ 477.2066;
found 477.2055. C32H28O4 (476.57): calcd. C 80.65, H 5.92; found C
80.53, H 5.88.
Complex 26a: A solution of glycal 15 (71 mg, 0.1 mmol) and 1-
methylindole (25 μL, 0.2 mmol) in dry CH2Cl2 (20 mL) under argon
was cooled to –78 °C and treated with BF3·OEt2 (15.2 μL,
0.12 mmol). The mixture was kept at the same temperature for
20 min; then it was treated with a saturated solution of NaHCO3,
and extracted with CH2Cl2. The organic layers were concentrated,
and the crude product (74 mg, 78 %, 15:1 isomeric mixture) was
purified by silica gel chromatography (hexane/ethyl acetate, 9:1) to
give the major isomer E-26a (63 mg, 65 %). 1H NMR (400 MHz,
CDCl3): δ = 7.64–6.88 (m, 24 H, Ar and 2-H), 6.59 (s, 2 H, 2′-H), 5.84–
5.64 (m, 1 H, 1-H), 4.79–4.64 (m, 1 H, 4-H), 4.46 (d, J = 11.6 Hz, 1 H,
CH2Ph), 4.31 (m, 2 H, OCH2Ph), 4.14 (d, J = 11.8 Hz, 1 H, CH2Ph),
4.02 (m, 1 H, 5-H), 3.71 (s, 3 H, NCH3), 3.63–3.49 (m, 5 H, NCH3, 6-
H), 2.06 (d, J = 7.5 Hz, 1 H, OH) ppm. 13C NMR (101 MHz, CDCl3):
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δ = 199.8, 139.2, 138.2, 137.4, 133.8, 131.8, 129.6, 128.6, 128.5, 128.2,
127.9, 127.8, 127.6, 127.4, 127.3, 127.0, 126.9, 126.7, 121.7, 121.5,
120.4, 120.3, 118.9, 118.8, 117.3, 109.3, 109.1, 73.1, 71.4, 33.9, 32.9,
32.7 ppm. HRMS (ESI+): calcd. for [C52H42Co2N2O9 + Na]+ 979.1452;
found 979.1468. The minor isomer Z-26a (2 mg, 2 %) was also sepa-
rated, but its full characterization could not be carried out. 1H NMR
(300 MHz, CDCl3): δ = 7.37–7.02 (m, 22 H, Ar), 6.92 (t, J = 7.5 Hz, 1
H, Ar), 6.85 (t, J = 7.5 Hz, 1 H, Ar), 6.75 (d, J1,2 = 10.3 Hz, 1 H, 2-H),
6.59 (s, 1 H, 2′-H), 6.52 (s, 1 H, 2′-H), 5.59 (d, J1,2 = 10.3 Hz, 1 H, 1-
H), 4.56 (d, J = 11.0 Hz, 1 H, CH2Ph), 4.45–4.31 (m, 3 H, CH2Ph), 4.19
(d, J4,5 = 7.1 Hz, 1 H, 4-H), 4.02 (dd, J4,5 = 7.1, J5,6a = 6.7 Hz, 1 H, 5-
H), 3.76–3.67 (m, 1 H, 6a-H), 3.65–3.57 (m, 4 H, NCH3 and 6b-H),
3.55 (s, 3 H, NCH3), 2.45 (d, J = 4.8 Hz, 1 H, OH) ppm. HRMS (ESI+):
calcd. for [C52H42Co2N2O9 + Na]+ 979.1452; found 979.1473.
Bis(indolyl) Derivative 26b: This compound was obtained by treat-
ment of 26a (51.7 mg, 0.054 mmol) in THF (0.5 mL) with TBAF
(34.8 mg, 0.108 mmol). The reaction mixture was stirred for 2 h;
then it was diluted with Et2O and washed with water. The combined
organic layers were dried and concentrated. The residue was puri-
fied by silica column chromatography (hexane/ethyl acetate, 95:5)
to give 26b (17.1 mg, 50 %). 1H NMR (400 MHz, CDCl3): δ = 7.57 (d,
J = 8.0 Hz, 1 H, Ar), 7.49 (d, J = 8.0 Hz, 1 H, Ar), 7.40–7.00 (m, 22 H,
Ar and 2-H), 6.94 (s, 1 H, 2′-H), 6.81 (s, 1 H, 2′-H), 5.62 (d, J1,2 =
10.0 Hz, 1 H, 1-H), 4.74 (d, J4,5 = 7.8 Hz, 1 H, 4-H), 4.59 (d, J = 11.6 Hz,
1 H, CH2Ph), 4.51 (d, J = 11.8 Hz, 1 H, CH2Ph), 4.46 (d, J = 11.8 Hz,
1 H, CH2Ph), 4.17 (d, J = 11.6 Hz, 1 H, CH2Ph), 4.11 (m, 1 H, 5-H),
3.80 (dd, J6a,6b = 9.8, J5,6a = 3.1 Hz, 1 H, 6a-H), 3.73 (m, 4 H, NCH3
and 6b-H), 3.66 (s, 3 H, NCH3), 2.27 (br. s, 1 H, OH) ppm. 13C NMR
(101 MHz, CDCl3): δ = 146.7, 138.5, 138.4, 137.4, 131.8, 128.5, 128.3,
128.3, 128.0, 127.9, 127.9, 127.7, 127.5, 127.2, 127.2, 127.0, 126.8,
123.7, 121.8, 121.7, 121.1, 120.1, 120.1, 119.0, 117.0, 116.8, 109.4,
109.3, 89.3, 88.6, 75.6, 73.5, 71.8, 71.1, 70.6, 33.4, 32.9, 32.8 ppm.
HRMS (ESI+): calcd. for [C46H42N2O3 + NH4]+ 688.3539; found
688.3547.
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Ferrier-Nicholas Cations
Diversity-Oriented Synthetic Endeavors of Newly Designed
Ferrier and Ferrier-Nicholas Systems Derived from 1-C-Alkynyl-
2-deoxy-2-C-Methylene Pyranosides
Silvia Miranda,[a] Ana M. Gómez,*[a] and J. Cristóbal López*[a]
Abstract: Novel pyranose derivatives that display Ferrier- and
Ferrier-Nicholas-like reactivity have been designed. These sys-
tems: 1-C-alkynyl-2-deoxy-2-C-methylene pyranosides (Ferrier),
and their corresponding dicobalthexacarbonyl alkenyl deriva-
tives (Ferrier-Nicholas), which can be accessed by a concise syn-
thetic route from commercially available tri-O-acetyl-D-glucal,
allow the incorporation of two nucleophiles (at positions C-3
and C-2′) in the pyranose ring. The study of these systems has
resulted in the discovery of novel reaction patterns that allow,
Introduction
The transformation of glycals (1,5-anhydrohex-1-enitols, e.g., 1,
Scheme 1) into 2,3-unsaturated glycosyl derivatives or pseudo-
glycals (e.g., 3, Nu = OR′), reported more than fifty years ago,[1,2]
is currently known as Ferrier rearrangement (FR), or Ferrier (I)
reaction.[3] This process, a formal substitution-with-allylic-rear-
rangement, or an allylic glycosylation, continues to enjoy a
burgeoning interest.[4,5] Arguably, the reason behind this long-
standing attention rests on the importance of the ensuing
pseudoglycals or hex-2-enopyranoses (e.g., 3), which represent
one of the most appealing types of carbohydrate-derivatives
used in synthesis.[6,7]
Scheme 1. Ferrier rearrangement of glycals, e.g. 1, leading to allylic glycos-
ides, e.g. 3, via the intermediacy of glycosyl allylic cation 2.
Research in the Ferrier rearrangement has traditionally fo-
cused on the development of efficient catalysts to trigger the
process.[5,8] In this context, the use of palladium chemistry for
improved stereocontrol and versatility has surfaced lately,[9] and
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among others, access to open-chain derivatives, branched
pyranosides, 1,6-anhydro derivatives and, when reacting with
indole, access to a new family of tetracyclic indole-containing
carbohydrate derivatives, namely, cyclohepta[b]indole-fused
glycals. The latter are, most likely, formed by a bis Ferrier-type
rearrangement followed by an unusual intramolecular 7-endo-
dig Friedel–Crafts alkenylation of one of the indole moieties by
the C-1 alkyne.
more recently a seminal contribution by Doisneau, Beau, and
co-workers has allowed to widen the scope of the FR by gener-
ating nucleophilic allyl samarium species (rather than electro-
philic allylic oxycarbenium ions, e.g. 2) able to react with elec-
trophiles.[10] On the other hand, an additional area of interest
related to the FR has been the development of novel unsatu-
rated pyranosidic systems that react via allylic oxycarbenium
ions.[11,12] Along this line, (C-2)-homologated unsaturated
pyranosidic systems, e.g. 4, 7, involve allylic oxycarbenium ions,
i.e. 5, in their transformation to allylic glycosides 6 (Scheme 2a,
Scheme 2b). Compounds type 4, introduced by Booma and
Balasubramanian as a “new Ferrier system”,[13] react with “hard”
nucleophiles[14] in the presence of Lewis acids to give allylic
glycosides, e.g. 6 (Scheme 2a).[8d,15,16] The latter could also be
obtained upon acid-catalyzed transformation of 2-deoxy-2-C-
methylene glycosides 7 (Scheme 2b).[17,18] The reverse transfor-
mation, i.e. 6 → 4 (Nu = OR), has not been described.[19]
Scheme 2. Ferrier-type systems, 4 and 7, leading to allylic glycosides 6, via
the intermediacy of exo-Ferrier allylic cation, 5.
Our continuing interest in the FR led us to search for a Fer-
rier-like system related to 4, which could allow a double func-
tionalization at both allylic positions (C-3 and C-2′), thus leading
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to a bis-functionalized glycal, e.g. 8 (Scheme 3). Thus, we envis-
aged that for such transformation to take place at least two
conditions had to be met, i) an allylic cation such as 9
(Scheme 3) will need to be formed in preference to allylic cation
5 (see Scheme 2), ii) this oxycarbenium ion (9) should react at
C-3, leading to 10, rather than at C-1. Then reaction of the latter
could lead to 8, via allylic oxycarbenium ion 11.
Scheme 3. Hypothetical Ferrier-type system, leading to bis-functionalized
glycals.
Based on our previous experience with pyranosidic C-alkynyl
and C-alkynyl-hexacarbonyl dicobalt derivatives, we identified
two potential sets of Ferrier- and Ferrier-Nicholas-like[20–23] de-
rivatives that could behave as pictured in Scheme 3. In this
context, compounds 12 and 13 (Figure 1), initially contem-
plated owing to their similarity to glycals type 4, were soon
discarded because of the complex synthetic route involved in
their preparation. Then, based on the analogy between C-2-
homologated derivatives 4 and 7 (Scheme 2), we finally consid-
ered 2-C-methylene compounds 14, 15 (Figure 1) as the sub-
strates for this study.
In this manuscript, we report on the synthesis, and chemical
transformations of previously unknown derivatives 14 and 15,
which provide access to a variety of compounds in a diversity-
oriented manner, as well as their effectiveness in the implemen-
tation of the hypothesis raised in Scheme 3.
Scheme 4. Synthesis of 2-deoxy-2-C-methylene pyranosides 14, and the corresponding alkynyl dicobalthexacarbonyl derivatives 15.
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Figure 1. 1-C-Alkynyl-2-deoxy-2-C-methylene derivatives 14 and 15 described
in this study.
Results and Discussion
Synthesis of the Starting Alkynyl Derivatives 14 and 15
The synthetic route to 2-C-methylene derivatives 14, started
from commercially available tri-O-acetyl-D-glucal (3,4,6-tri-O-
acetyl-1,5-anhydro-2-deoxy-D-arabino-hex-1-enitol) (16), and
could be carried out in seven steps in a fair overall yield
(Scheme 4). The corresponding alkynyl dicobalt hexacarbonyl
derivatives 15, were then obtained from 14 by treatment with
Co2(CO)8 in CH2Cl2 (Scheme 4).[22] The key steps of the overall
transformation were based on well-established chemistry: i) ac-
cess to 2-C-formyl derivatives 18 from glycals 17, via a Vils-
meier–Haack reaction;[13] and ii) one-pot rearrangement-oxid-
ation of 2-C-acetoxymethyl glycals 19 leading to α-methylene
δ-valerolactones 20.[17] Finally, reaction of the latter with the
appropriate lithium acetylide gave, after treatment with tri-
methylsilyl chloride, the desired alkynyl derivatives 14
(Scheme 4).
Overall, the synthetic protocol can be considered concise
and flexible, since it requires five steps from the ether-protected
glycals 17, to C-alkynyl ketoses 14, and allows the incorporation
of different hydroxyl-protecting groups, and alkynes.
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Reactivity of Ketosides 14, under Acid or Basic Media, in
the Absence of External Nucleophiles
Ramesh and co-workers had reported on the transformation
of 2-C-hydroxymethyl glycal 21, into a mixture of unsaturated
hemiacetals and open-chain aldehydes 22 and 23, respectively,
upon treatment with InCl3 in acetonitrile/water (Scheme 5).[24]
In this connection, we first studied the hydrolysis of 14a with
InBr3, which produced a mixture of 5-O-trimethylsilyl and 5-
hydroxy, open-chain derivatives 24a,b, respectively (71 %, 1:4
ratio, Scheme 6a). The use of BF3·OEt2 simplified the reaction
mixture, and the exclusive formation of open-chain hydroxy-
enone 24b was observed (51 %, Scheme 6b). A similar result
was observed upon treatment of 14a with Et3N-3HF complex,
Scheme 5. Ramesh and co-workers' transformation of 2-C-hydroxymethyl
glycal 21 into open-chain derivative 23.
Scheme 6. Reactivity of 2-deoxy-2-C-methylene pyranosides 14, in the ab-
sence of nucleophiles (starting-carbohydrate numbering).
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where compound 24b was isolated in 90 % yield (Scheme 6c).
The use of Et3N-3HF complex in the presence of added NEt3
(10 equiv.) generated an inseparable mixture of 24b and pyr-
anosyl derivative 25,[25] in a 3:1 ratio (88 % yield), with the latter
arising from a Michael-type addition on 24b (Scheme 6d).
Along this line, the presence of additional NEt3 (57 equiv.)
should favor cyclization, as is the case observed in Scheme 6e,
where a reversed ratio of the reaction products [24b/25, 1:6.5
(1H-NMR), 88 % yield] could be observed. Finally, refluxing of
14a in the presence of Et3N-3HF complex and additional Et3N
(57 equiv.) in THF (Scheme 6f ), provided an inseparable mixture
of pyranose 25 and an unsaturated derivative, to which we ten-
tatively assigned structure 26 (87 % yield, 1.5:1 ratio), on the
basis of its similarity with a related derivative, i.e. 27, which
could be obtained upon treatment of per-O-allylated derivative
14b with basic alumina in EtOAc (35 °C, 7 days, Scheme 6g).
The structural assignment of 2-C-branched pyranose 25 was
based on its NMR and mass spectra. Thus, the disappearance
of the C-2 exo-methylene group along with the presence of a
new CH2 group (C-2′) at δ = 67.5 ppm (13C-NMR), which corre-
lated with H2′ax and H2′eq (HSQC spectrum) could be observed,
therefore indicating the novel ring closure. The equatorial -
orientation of the chain at C-2 was clear on the basis of the
observed coupling constants for H-2: 1HNMR (H-2, ddd,
3.37 ppm, J2′eq,2 = 4.6 Hz, J2′ax,2 = 11.2 Hz, J2,3 = 10.4 Hz); (H-3,
dd, 4.14 ppm, J2,3 = 10.4 Hz, J3,4 = 8.8 Hz).
Reaction of Ketoside 14a with Indole: Access to
Cyclohepta[b]indole Derivatives
The indole moiety is a prominent structural motif in significant
organic molecules including alkaloids, pharmaceuticals, and
functional materials.[26] In this context, we decided to evaluate
the incorporation of indole to our carbohydrate systems, 14
and 15. Accordingly, reaction of alkynyl ketoside 14a, with ind-
ole mediated by InBr3 at room temperature, furnished a mixture
of compounds that included previously mentioned open-chain
hydroxy-ketone 24b, as well as three compounds 28a, 28b and
29, that incorporated indole into their structure (Scheme 7). In
this context, we have also shown that tetracyclic derivative 29
does not arise from open-chain compound 28b under these
reaction conditions, vide infra, (Scheme 9).
Conversely, the use of BF3·OEt2 as catalyst in the reaction of
14a with indole resulted in the sole production of open-chain
derivative 24b (60 % yield), probably due to an observed com-
peting indole dimerization[27] mediated by BF3·OEt2.[28]
The structural assignment of these compounds was based
on the study of their NMR (mono- and bidimensional) and mass
spectra. Thus, compounds 28a and 28b showed very similar
NMR spectra. In the case of 28b a deshielded signal at δ =
7.26 ppm (1H-NMR) correlated with a signal at δ = 145.8 ppm
(13C-NMR) in an HSQC experiment, and were assigned to H-3
and C-3 (carbohydrate numbering), respectively, being part of
an α,-unsaturated carbonyl system. The corresponding signal
for the carbonyl group appeared at δ = 179.8 ppm (13C-NMR).
The signals for the“ isolated“ 2′-CH2 in 28b appeared at δ =
21.2 ppm (13C-NMR), and 3.94 ppm and 3.80 ppm as a doublet
with Jgem = 15.3 Hz.
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Scheme 7. Reaction of 14a with indole mediated by InBr3 leading to indole-containing derivatives 28 and 29, and reaction of 24b with indole.
On the other hand, the structural assignment of compound
29 (Scheme 7), which incorporates two indole moieties and a
relevant cyclohepta[b]indole-7-ol backbone, was done on the
basis of its mass spectra, and NMR spectroscopic data. Thus,
no signals associated with carbonyl or alkyne groups could be
Scheme 8. Proposed reaction pathway for the formation of compounds 28 and 29, from postulated reaction intermediates 32 and 33, respectively.
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observed in its 13C-NMR spectrum. Along this line, the disap-
pearance of the signals corresponding to the alkyne moiety
(13C-NMR) were accompanied by the appearance of a new sig-
nal (δ =6.60 ppm), which correlated with a signal at 123.9 in
13CNMR, and could be assigned to H-1′ and C-1′, respectively.
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The H-2′ protons appeared at δ = 3.11 and 3.21 ppm (Jgem =
15.1 Hz) The α-orientation of the indole residue could be in-
ferred from the observed coupling constant associated to H-3
on 1HNMR (δ =4.28 ppm, d, J3,4 = 5.9 Hz), which was in agree-
ment with that of related compounds 62-(α) and 62-()
(Table 2), J3,4 = 5.9 Hz and J3,4 = 8.3 Hz, respectively, vide infra.
Further experimentation, carried out to ascertain the reac-
tion pathway, showed that open-chain hydroxy-ketone 24b
could be transformed into indole-containing compounds 28b
and 29 (Scheme 7), under analogous reaction conditions, prob-
ably by intermediacy of C-alkynyl ketose intermediate, 30 (see
Scheme 8).
From these results, we have been able to postulate a reaction
pathway that can accommodate the formation of all the reac-
tion products depicted in Scheme 7 (Scheme 8). Thus, acid acti-
vation of the anomeric OTMS-residue in 14a, could result in the
generation of a key exo-Ferrier cation intermediate 31
(Scheme 8a), which might undergo: i) reaction at C-1 with H2O
to give ketose 30, in equilibrium with hydroxy-ketone 24b;
ii) reaction at C-2′ with indole to provide a postulated indolyl-
glycal intermediate 32; or iii) reaction at C-2′ with H2O to fur-
nish C-2 hydroxymethyl intermediate 33 (Scheme 8a). The rest
of the proposed pathway involves further transformations of
the aforementioned indolylglycal 32, and hydroxymethyl-glycal
33, into open-chain indolyl derivatives 28 (Scheme 8b), and
tetracyclic cyclohepta[b]indole-fused-glycal 29, respectively
(Scheme 8c, d).
In a certain manner, the proposed equilibrium between ring-
closed (30) and ring-opened species (24b) (Scheme 8a), is
reminiscent of the previously mentioned equilibrium (between
22 and 23) (Scheme 5) studied by Ramesh and co-workers.[24]
However, whereas in the latter case the ring-closed form, 22, is
favored over the open-chain compound 23, in our case the
equilibrium must be displaced towards the open-chain form
24b because of the extended conjugation of the system ene-
keto-yne, and the release of steric factors related to the quater-
nary anomeric carbon (C-1) in ketose 30, when compared to
aldose 22.
Accordingly, further activation of the C-3 OBn groups on in-
termediates 32 and 33 could result in the formation of C-2-
branched Ferrier cations 34 and 36, respectively (Scheme 8b,
Scheme 8c). Reaction of the former with H2O will produce
ketoses 35, from which open-chain derivatives 28 could be un-
veiled (Scheme 8b). A more circuitous route, however, needs to
be invoked for the formation of tetracyclic cyclohepta[b]indole-
fused-glycal 29 (Scheme 9c, Scheme 9d). Thus, interception of
Ferrier cation 36 with indole at C-3 would lead to bis-branched
glycal 37, which could be further activated to give exo-Ferrier
cation 38 (Scheme 8c), that could trap a second indole moiety
at C-2′, giving rise to 39 (Scheme 8d). We suggest that C-alkynyl
glycal 39 might be the precursor of tetracyclic derivative 29
by indium tribromide promoted intramolecular Friedel–Crafts
alkenylation of the indole residue at C-2′.
In fact, catalysis by indium bromide, in particular,[29] and in-
dium salts, in general,[30] has recently being recognized as an
efficient method for the alkenylation of indoles with alk-
ynes.[31,32] In our opinion, the glycal double bond in the postu-
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Scheme 9. Reaction hydroxy-ketone 28b in the presence of InBr3, leading to
40.
lated intermediate 39, plays a key role facilitating the approach
of the indole moiety towards the alkyne in the Friedel–Crafts
process. Accordingly, in this transformation InBr3 plays a key
dual role by i) triggering the Ferrier rearrangement,[33] and
ii) facilitating the hydroarylation of the alkyne with indole.[29]
It is worth mentioning that in the transformation 14→29
(Scheme 7, Scheme 8) two indole moieties are incorporated to
the carbohydrate framework. Additionally, the indole at
C-2′ functions as a double nucleophile[34] by way of a regio-
selective 7-endo-dig cyclization, i.e. 39→29 (Scheme 8d), rather
than a 6-exo-dig reaction,[34d,34g] The second electrophilic sub-
stitution at indole takes place at the “non-preferred” C-2 of the
indole moiety.[35]
In connection with the above-mentioned intramolecular
Friedel–Crafts-type 7-endo-dig cyclization, we decided to study
the feasibility of a related process in open-chain derivative 28b.
Indeed, reaction of 28b in the presence of InBr3 furnished tri-
cyclic derivative 40, although in low yield (Scheme 9).
The structural assignment of tricyclic derivative 40
(Scheme 9) was done on the basis of its mass spectra and NMR
spectroscopic data. Thus, an olefinic signal appearing at δ =
6.45 ppm (singlet), which correlated (HSQC) with a signal at
δ = 128.3 ppm (13-C-NMR), was ascribed to H-1′. Additionally,
a correlation was found, in the HMBC spectrum, between H-1′
and the indolyl C-2′′′ (δ =132 ppm) that accounted for the new
ring formation. On the other hand, the H-2′ protons appeared
at δ = 3.76 and 3.98 ppm (Jgem = 15.2 Hz).
The InBr3-promoted intramolecular indole-alkenylation pro-
tocols (Scheme 7, Scheme 9),[36] described here represent a
novel synthetic approach to carbohydrate-fused cyclo-
hepta[b]indole moieties in enantiomerically pure form.[37]
Reaction of Ketoside 14a with Thiols: Access to
Polyfunctionalized Glycals
The Lewis acid catalyzed reaction of thiols with glycals has also
drawn special attention since it does not relate exactly to that
of alcohols (and phenols) in terms of regioselectivity. This fact
has been linked to the hard/soft character of the S- or O-nucleo-
philes and the hard/soft nature of the allylic cations.[14] Thus,
C-1 cations in compounds 2 and 5 would be considered hard,
whereas C-3 and C-2′ will be regarded as soft (Scheme 10).
Accordingly, reaction of thiols (soft) with the corresponding
glycals provide considerable amounts of 3-thio-glycals, i.e. 41,
and 2-C-arylthiomethyl glycals,[14a] e.g. 42 (R′ = aryl)
(Scheme 10).
Along these lines, we first studied the reaction of alkynyl
glycoside 14a with thiophenol, mediated by BF3·OEt2 and InBr3,
559
Full Paper
Scheme 10. Lewis-acid catalyzed reaction of allylic cations 2 and 5 with alcohols and thiols.
in CH2Cl2, at different temperatures (Scheme 11). Glycoside 14a
proved to be highly reactive upon activation with BF3·OEt2 in
the presence of thiophenol. Thus, treatment of 14a with thio-
phenol (15 min) at –78 °C, yielded open-chain C-2′-thiophenyl
derivative 43 in 14 % yield, along with open-chain 24b (20 %)
(Scheme 11a). Prolonged reaction time (5 h) at –78 °C provided
bis-thiophenylated ketone 44 in 34 % yield, as well as a minor
amount of 24b (6 %) (Scheme 11b). On the other hand, when
the reaction was performed at higher temperature (BF3·OEt2,
–20 °C), the exclusive formation of polyfunctionalized glycal 45
was observed (Scheme 11c). The same compound (45) was also
obtained, in good yield, when the reaction was mediated by
InBr3 at room temperature (Scheme 13d). Interestingly, open-
chain hydroxy-enone 24b could be transformed into glycal 45
by treatment with thiophenol and InBr3 at room temperature
(Scheme 11e).
Scheme 11. Reactions of compounds 14a, and 24b with thiophenol in CH2Cl2
(starting-carbohydrate numbering).
An analogous set of reactions using 2-mercapto pyridine
(PyrSH), rather than thiophenol, as the nucleophile on com-
pounds 14a and 24b produced a similar assortment of com-
pounds (Scheme 12a, Scheme 12b, Scheme 12c). Thus, reaction
of pyranoside 14a with PyrSH mediated by BF3·OEt2 at –20 °C
yielded open-chain derivative 46 exclusively (Scheme 12a). On
the other hand, reaction of 14a mediated by InBr3 yielded a
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mixture of 46, 24b, and C-2′-SPyr glycal 47 (Scheme 12b).
Additionally, reaction of open-chain enone 24b with PyrsH un-
der BF3·OEt2 catalysis provided bis-unsaturated ketone 46
(Scheme 12c).
Scheme 12. Lewis-acid mediated reactions of compounds 14a and 24b with
2-mercapto pyridine (PyrSH) in CH2Cl2.
Finally, the possibility of a sequential incorporation of two
different nucleophiles to these systems was demonstrated by
the reaction of C-2′-indolyl derivative 28b, with PyrSH mediated
by BF3·OEt2 (Scheme 14). Thus, PyrSH-addition to the electron-
deficient alkyne moiety took place, under BF3·OEt2 catalysis, to
furnish open-chain derivative 48, containing an indolyl and a
vinyl thioether moieties (Scheme 13).
Scheme 13. Incorporation of two different nucleophiles.
In light of the results depicted in Scheme 11, Scheme 12,
and Scheme 13, we have been able to propose a pathway for
the reaction of glycoside 14a with thiols that involves the inter-
mediacy of previously invoked exo-Ferrier cation 31
(Scheme 8a), and encompasses all the isolated products [i.e.,
43, 44, 45, 46 and 47 (in boxes), Scheme 14].
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Accordingly, trapping of the thiol-nucleophile by the allylic
C-2′ position of 31 would generate a C-2′-substituted glycal,
e.g. 47 (Scheme 13b, Scheme 15), which could experience a
Scheme 14. Proposed reaction pathway accounting for all the isolated compounds (in boxes) in the reaction of 14a with arylthiols mediated by InBr3 or
BF3·OEt2.
Scheme 15. Proposed reaction pathway for the formation of compounds 52a, 53 and 54, from 15a.
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“second” Ferrier rearrangement to furnish an intermediate ally-
lic cation 49, able to trap H2O at C-1 to yield a C-alkynyl ketose
intermediate 50, from which hydroxy ketone 43 could be un-
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veiled (Scheme 11a, Scheme 14). The latter, containing electron-
deficient alkyne and alkene moieties could experience a “pre-
ferred” Lewis acid-promoted thia-Michael addition to the elec-
tron-deficient alkyne to yield vinyl sulfides 44 (Scheme 12b)
and 46 (Scheme 13a, Scheme 13b, Scheme 13c),[38] followed by
a second Lewis acid-promoted thia-Michael addition to the α,-
unsaturated ketone system[39] to yield a postulated tri-thiolated
intermediate 51, from which compound 45 (Scheme 13c, d, e)
could arise by ring closure to a C-alkenyl ketose followed by
elimination to give the conjugated glycal 45 (Scheme 15). Fur-
thermore, the absence of a trithiolated derivative in the reac-
tion of 14a with PyrSH as the nucleophile (45, R = Pyr) might
be related with the attenuated acidity of the reaction media,
owing to the presence of an excess of PyrSH,[40] which could
prevent the elimination process from the above-mentioned
C-alkenyl ketose to the glycal.
An alternate route to compound 45 by reaction (at C-3) of
Ferrier-type cation 49 with thiophenol could not be ruled
out.[14a] However, in our opinion, the presence of the vinyl sulf-
ide moiety in 45 could be better explained by a facile thia-
Michael addition to an open-chain electron-deficient alkyne (as
in 28b → 48, Scheme 13), than by thiol addition to an unacti-
vated C-alkynyl moiety (as in compound 47, Scheme 14).
Reactivity of Ferrier-Nicholas Ketoside 15a, under Acid
Catalysis in the Absence of External Nucleophiles
In line with our previous studies on the behavior of Nicholas-
cations, compound 15a displayed a reactivity pattern different
to that of their non-cobaltated analogs 14.[23b,41] Thus, reaction
of 15a in the presence of InBr3 yielded open-chain derivative
52a along with 1,6-anhydro-2,3-dideoxy-2-C-methylene pyran-
ose 53 (Table 1, entry i). When the reaction was performed with
BF3·OEt2 as catalyst (1.2 equiv., –20 °C), three compounds were
obtained (Table 1, entry ii): compound 52a,[42] an additional
open-chain derivative 54, and 1,6-anhydro pyranose 53, this
time as the major isomer. Compounds 53 and 54 shared the
presence of a deoxygenated C-3 position and the lack of the
Table 1. Acid-mediated transformations of 15a.
Entry[a] Acid Reaction conditions 52a 53 54
i InBr3 r.t., 1 h 49 % 31 % –
1.0 equiv.
ii BF3·OEt2 –20 °C, 15 h 10 % 39 % 14 %
2.0 equiv.
iii BF3·OEt2 –20 °C, 15 h 6 % 34 % 27 %
2.0 equiv. 4 Å mol. sieves
iv BF3·OEt2 r.t., 2 h 9 % 48 % 20 %
2.0 equiv. H2O, 4 equiv.
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benzyl group at O-6. When an analogous reaction was carried
out in the presence of 4 Å molecular sieves (Table 1, entry iii),
the amount of open-chain derivative 52a could be reduced to
6 %; 1,6-anhydro derivative 53 was still the major isomer (34 %),
but an increase in the formation of 3-deoxy open-chain deriva-
tive 54, could be observed (27 %). Finally, the presence of H2O
in the reaction media had a beneficial influence in the forma-
tion of 1,6-anhydro pyranose 53, which could then be obtained
in 48 % yield (Table 1, entry iv).
From the results in Table 1, and in accordance with our previ-
ous study on the behavior of related Ferrier-Nicholas sys-
tems,[23b] we have postulated a reaction pathway that could
accommodate the formation of isolated compounds, 52a–54
(Scheme 15). Accordingly, acid-activation of the anomeric tri-
methylsilyloxy group in 15a would produce allylic Ferrier-Nich-
olas cation 31, which could react with adventitious H2O either
at C-1 or at C-2′. Reaction at C-1, would produce the corre-
sponding ketose (15a, OH), and thence open-chain hydroxy-
aldehyde 52a, whereas reaction at C-2′ would lead to allylic
silyloxy (or C-2′-hydroxymethyl) glycal 56. The latter, by activa-
tion of its C-3 substituent,[43] could experience a Ferrier rear-
rangement to give Ferrier-Nicholas cation 57 that, in line with
our previous observations,[23b] could experience a 1,6-hydride
transfer generating oxocarbenium ion 58. Hydrolysis of this spe-
cies, rather than Prins cyclization,[23b] would originate the 3-
deoxy-6-hydroxy derivative 59. The latter upon acid-activation
would generate Ferrier-Nicholas cation 60, from which the for-
mation of 1,6-anhydro pyranose 53, or open-chain 3-deoxy de-
rivative 54, could take place either by intramolecular-glycosyl-
ation or hydrolysis, respectively.
We suggest that the use of mild InBr3 produces predominant
hydrolysis of 15a leading to open-chain compound 52a as the
major product (Table 1, entry i). The utilization of more potent
BF3·OEt2 must favor the formation of the cascade of cations 55,
58, 60, resulting in the formation of derivatives 53 and 54 as
major isomers, with the former prevailing (Table 1, entry ii).
The use of molecular sieves caused a drastic reduction in the
formation of open-chain derivative 52a by hydrolysis, although
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it produced a higher amount of 3-deoxy open-chain derivative
54, even though cyclic derivative 53 remained the preferred
isomer (Table 1, entry iii). Finally, the counter-intuitive, benefi-
cial, effect of added H2O to the reaction media in the formation
of compounds 53 and 54 (rather than 52a) (Table 1, entry iv),
might be related with several issues.[44] The presence of H2O
facilitates the formation of intermediate hydroxy-derivatives
[Scheme 15, (OH)] more reactive than the corresponding silyl-
ated compounds [Scheme 15, (OTMS)] and additionally, it might
favor the different equilibria processes where H2O is involved
(e.g., between 55 and 52a; 55 and 56; and 60 and 61,
Scheme 15) thus, indirectly favoring the irreversible reactions in
the process, i.e.: i) hydrolysis of oxocarbenium species 58 lead-
ing to 6-hydroxy derivative 59, and ii) 1,6-anhydro sugar 53
formation from cation 60 (Scheme 15).[44]
Reactions of Ferrier-Nicholas Ketosides 15, with
Heteroarenes under Lewis Acid Catalysis
We have also examined the reaction of glycoside 15 with indole
in the presence of BF3·OEt2 and InBr3, and our results are de-
picted in Table 2. The reaction of 15a with indole in a BF3·OEt2-
mediated process provided bis(indolyl)glycal 62a-(α) (1HNMR,
4.05 ppm, d, J3,4 = 5.4 Hz, H-3; 4.23 ppm, dd, J4,3 = 5.4 Hz, J4,5 =
9.9 Hz, H-4) as the sole reaction product, although in moderate
yield (Table 2, entry i) that could not be increased even with
the use of a larger excess of acid catalyst and indole (Table 2,
entry ii). On the other hand, the use of InBr3 as catalyst pro-
duced a mixture of C-3 α- and -epimers 62a-(α) and 62a-()
Table 2. Acid-mediated reactions of 15a,c with indole.
Entry 15 Acid Reaction conditions 62-(α) 62-() 52
i 15a BF3·OEt2. indole 62a-(α) – –
R1 = Ph 4.0 equiv. (4.0 equiv.) 52 %[a]
–20 °C, 24 h
ii 15a BF3·OEt2 indole 62a-(α) – –
R1 = Ph 10.5 equiv. (7.0 equiv.) 23 %
–20 °C, 48 h
iii 15a InBr3 indole 62a-(α) 62a-() 52a
R1 = Ph 1.0 equiv. (2.2 equiv.) 24 % 18 % 20 %
r.t., 15 min
iv 15a InBr indole 62a-(α) 62a-() 52a
R1 = Ph 2.0 equiv. (2.2 equiv.) 24 % 16 % 10 %
r.t., 1 h
4 Å m.s.
v 15c InBr indole 62c-(α) 62c-() 52c
R1 = TMS 1.0 equiv. (2.2 equiv.) 19 % 18 % 38 %
r.t., 1 h
[a] Unreacted 15a (18 %) could be recovered from the reaction mixture.
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(1HNMR, 3.67 ppm, d, J3,4 = 8.3 Hz, H-3; 3.98–4.07 ppm, J4,3 =
8.3 Hz, J4,5 = 7.2 Hz, H-4) (Table 2, entries iii, iv), along with
open-chain hydroxy-ketone 52a. The amount of 52a could be
reduced by the presence of 4 Å molecular sieves (m.s.) in the
reaction media (compare Table 2, entries iii and iv). Similar re-
sults were obtained in the reaction of TMS-acetylene derivative
15c, with thiophenol when InBr3 was used as catalyst (Table 2,
entry v) leading to a mixture of (α- and -) epimeric 62c [62c-
(α): 1HNMR, 3.97 ppm, d, J3,4 = 5.4 Hz, H-3; 4.14 ppm, dd, J4,3 =
5.4 Hz, J4,5 = 9.9 Hz, H-4; 62c-(): 1HNMR, 3.63 ppm, d, J3,4 =
8.4 Hz, H-3; 4.20 ppm, dd, J4,3 = 8.4 Hz, J4,5 = 9.6 Hz, H-4], and
open-chain derivative 52c. The preference for the observed α-
orientation of the incoming indole at low temperature (–20 °C,
Table 2, entries i, ii), is in accordance with previous results on
the reaction of related hexacarbonyl dicobalt alkynyl glyc-
als.[23b]
The formation of compounds 62a (α- and -) from hydroxy-
ketone 52a, could indeed be ruled out since, in a separate ex-
periment, treatment of 52a with indole (2.2 equiv.) and InBr3
(1.0 equiv.) in CH2Cl2 at room temperature left compound 52a
unaffected.
Along these lines, to assess the scope of the Lewis-acid cata-
lyzed reaction of glycals 15, with hetaryl nucleophiles, we ex-
amined the use of pyrrole and N-methyl indole as nucleophiles
(Figure 2).
In the case of pyrrole, InBr3 proved to be a better catalyst
than BF3·OEt2 in the synthesis of bis(pyrrole) derivatives 63
(32 % vs. 15 %, overall yield, respectively, Figure 2a). Unlike the
case of indoles, the C-3 -indole epimer 63-() was the major
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Figure 2. Bis-heteroarylated glycals, 63 and 64 by reaction of glycal 15a with
pyrrole and N-methyl-indole in the presence of Lewis-acids.
observed isomer. The reaction of 15c with N-methyl indole
mediated by InBr3 provided a C-3 epimeric mixture of the
bis(indolyl) derivatives 64, although the -isomer prevailed this
time (Figure 2b).
Conversely, reaction of 15c with aniline, a bidentate nucleo-
phile employed in related studies by the Yadav's group,[45] un-
der InBr3 catalysis, left the starting material unchanged.
Reactions of Ferrier-Nicholas Ketosides 15, with
Thiophenol under Lewis Acid Catalysis
We next evaluated the use of thiophenol as the nucleophile in
the Lewis acid catalyzed reaction of Ferrier-Nicholas glycals 15
(Table 3). Thus, the reaction of 15a with PhSH mediated by
BF3·OEt2 at low temperature (–78 °C), in an attempt to halt the
reaction after the first (C-2′) thiophenyl addition (see
Scheme 12a), produced bis(thiophenyl)glycal 65a-(α) (1HNMR,
4.49–4.42 ppm, J3,4 = 4.4 Hz, H-3; 4.22 ppm, dd, J4,3 = 4.4 Hz,
J4,5 = 10.1 Hz, H-4), along with unreacted starting material 15a
(43 % yield) (Table 3, entry i). The former glycal could be ob-
tained as the sole reaction product when the reaction was car-
Table 3. Acid-mediated reactions of 15a,c with thiophenol.
Entry 15 Acid Reaction conditions 65-(α) 65-()
i 15a BF3·OEt2 PhSH (2.5 equiv.) 65a-(α) –
R1 = Ph 2.0 equiv. –78 °C, 2 h[a] 29 %
ii 15a BF3·OEt2 PhSH (2.5 equiv.) 65a-(α) –
R1 = Ph 2.0 equiv. –20 °C, 1 h 76 %
iii 15c BF3·OEt2 PhSH (2.2 equiv.) 65c-(α) –
R1 = TMS 2.0 equiv. –20 °C, 1 h 71 %
iv 15a InBr3 PhSH (2.2 equiv.) 65a-(α) 65a-()
R1 = Ph 1.0 equiv. room temp., 1 h, 4 Å m.s. 28 % 16 %
[a] Unreacted 15a (43 %) could be recovered from the reaction mixture.
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ried out at higher temperature (–20 °C, Table 3, entry ii). The
use of a silyl, rather than a phenyl, substituent at the alkynyl
glycal in 15c, had hardly any effect in the outcome of the reac-
tion, and glycal 65c-(α) (1HNMR, 4.48–4.43 ppm, J3,4 = 4.4 Hz,
H-3; 4.10–4.04 ppm, J4,3 = 4.4 Hz, J4,5 = 10.2 Hz, H-4) was the
only reaction product observed when BF3·OEt2 was used as cat-
alyst (Table 3, entry iii).
The use of InBr3 as the catalyst in the reaction of 15a pro-
duced an inseparable mixture of epimeric (C-3) bis(thiophen-
yl)glycals 65a-(α) and 65a-(), with the former prevailing
(Table 3, entry iv).
It is worth mentioning that Nicholas-type cobalt complexes
can be decomplexed under a variety of conditions.[20g] Thus,
whereas oxidative conditions yield the parent alkyne, the use
of reductive conditions might lead to an alkene.
In our case, we attempted several oxidative reaction condi-
tions for decomplexation: ceric ammonium nitrate, trimethyl-
amine N-oxide in tetrahydrofuran, and tetrabutylammonium
fluoride (TBAF) in tetrahydrofuran. In our hands, TBAF gave bet-
ter yields on the oxidative decobaltation of glycal 65a-(α).
When the mixture reported in Table 3, entry iv, was treated with
TBAF, the pure α-epimer 66-(α) could be obtained after column
chromatography (Scheme 16). The minor isomer 66-() was also
observed although an analytically pure sample could not be
obtained.
Scheme 16. Decobaltation of C-3 epimeric compounds 65a leading to C-
alkynyl glycal 66-(α).
In summary, the incorporation of two nucleophiles to the
Ferrier-Nicholas pyranosidic system 15 to generate the bis-func-
tionalized compounds 62–65, must involve the sequential for-
mation of two different vinylogous Nicholas cations (cations
generated from dicobalt complexes arising from propargyl-allyl
ether derivatives),[46,47] e.g. A, B, (Scheme 17), each one reacting
at the γ- rather than at the α-position, with the external nucleo-
philes to provide bis-functionalized species C (Scheme 17).[48]
Scheme 17. Postulated vinylogous Nicholas cations A and B, as intermediates




We have designed a new system for Ferrier-like reactions: 1-
C-alkynyl-2-deoxy-2-C-methylene pyranosides, i.e. 14, that can
easily be transformed into their hexacarbonyldicobalt-alkynyl
analogues, i.e. 15, ready precursors of novel Ferrier-Nicholas
cations. These derivatives can be accessed by an efficient syn-
thetic route from commercially available tri-O-acetyl-D-glucal
(16), and undergo efficient transformations into a variety of de-
rivatives with skeletal and functional diversity. Thus, open-chain
derivatives, e.g. 24, 28a, can be accessed by hydrolysis of 14,
whereas base treatment of 24 led to 1,2-dideoxy-2-C-branched
pyranosides, e.g. 25, by intramolecular Michael type O-addition,
which could be further transformed into Δ-2,3 unsaturated de-
rivatives, e.g. 27. On the other hand, acid treatment of alkynyl
dicobalt hexacarbonyl derivatives 15, might lead to 3-deoxy-
1,6-anhydropyranosides, e.g. 29, as major isomers, as well as to
open-chain 3-deoxy derivatives, e.g. 30, in variable amounts. An
interesting tetracyclic derivative including a cyclohepta[b]ind-
ole-fused-glycal containing a pending indole moiety, i.e. 40, can
be obtained, in useful amounts, by InBr3 catalyzed reaction of
14a in the presence of indole. A proposed reaction pathway to
40, that accounts for the observed isolated intermediates would
include a double Ferrier rearrangement (entry of indole as a
nucleophile at C-3 and C-2′) followed by an intramolecular Frie-
del–Crafts-type 7-endo-dig cyclization, also mediated by InBr3.
The use of thiols as nucleophiles in Lewis-acid catalyzed reac-
tions of 14, allows access to tris-thioarylated glycals, e.g. 56, 58,
in synthetically useful amounts. Finally, the reaction of “Ferrier-
Nicholas” substrates 15 with hetaryl and thiol nucleophiles in
the presence of Lewis-acids granted access to C-2′,C-3-bis-func-
tionalized glycals. This transformation takes place by sequential
reaction of two different vinylogous Nicholas cations with the
corresponding nucleophiles.
Experimental Section
1. General Methods: All chemicals were reagent-grade and were
used as supplied unless stated otherwise. All moisture-sensitive re-
actions were performed in dried glassware fitted with glass stop-
pers or rubber septa under a positive pressure of argon. Air- and
moisture-sensitive liquids and solutions were transferred by syringe
or stainless steel cannula. Technical grade anhydrous MgSO4 or
Na2SO4 were used to dry organic solutions during workup, and
evaporation of the solvents was performed under reduced pressure
using a rotary evaporator. Flash column chromatography was per-
formed using 230–400 mesh silica gel. Thin-layer chromatography
was conducted on Kieselgel 60 F254 (Merck). Spots were observed
first under UV irradiation (254 nm) then by charring with a solution
of 20 % aqueous H2SO4 (200 mL) in AcOH (800 mL). 1H and 13C
NMR spectra were recorded in CDCl3 at 300, 400 or 500 and 75, 100
or 125 MHz, respectively. Chemical shifts (δ) are reported in ppm
relative to residual solvent peaks. The multiplicities are reported as:
s = singlet, br = broad singlet, d = doublet, t = triplet, q = quartet,
m = multiplet. Mass spectra were recorded by direct injection with
a mass spectrometer Agilent 6250 Accurate Mass Q-TOF LC/MS
equipped with an electrospray ion source in positive mode. Starting
glycals 17a and 17b were prepared according to described proce-
dures.[49]
2. Synthesis of the Starting Alkynyl Derivatives 14 and 15
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2.1 General Method for the Preparation of 2-C-Formylglycals
18: Under an argon atmosphere, phosphorus oxychloride
(3.0 equiv.) was dissolved in anhydrous DMF, cooled to 0 °C and
stirred for 10 min at the same temperature. A solution of the corre-
sponding glycal 17, in dry DMF was then added dropwise. After
stirring for 1 h, the reaction mixture was slowly warmed up to room
temperature (room temp.) and stirred overnight. The reaction crude
was diluted with diethyl ether, hydrolyzed by careful addition of
saturated aqueous solution of NaHCO3, and the aqueous layer reex-
tracted with diethyl ether. The combined organic phases were
washed with brine, dried, filtered and evaporated under reduced
pressure. The resulting crude material was purified by flash chroma-
tography.
3,4,6-Tri-O-Benzyl-2-formyl-D-glucal 18a:[50] This compound was
prepared according to the general procedure from benzylated glyc-
al 17a (5.3 g, 12 mmol). Silica gel chromatography (hexane/ethyl
acetate, 7:3) provided pure 18a (3.4 g, 60 %) as a white solid, which
gave satisfactory spectral and analytical data comparable with the
literature values.[50]
3,4,6-Tri-O-Allyl-2-formyl-D-glucal (18b): This compound was pre-
pared according to the general procedure from allylated glycal 17b
(3.5 g, 13.1 mmol). Silica gel chromatography (hexane/ethyl acetate,
8:2) provided pure 18b as a colorless oil (2.3 g, 61 %). 1H NMR
(400 MHz, CDCl3): δ = 9.37 (s, 1 H), 7.37 (s, 1 H), 5.96–5.79 (m, 3 H),
5.31–5.12 (m, 6 H), 4.68 (ddt, J = 8.3, 4.3, 2.0 Hz, 1 H), 4.28 (t, J =
2.4 Hz, 1 H), 4.13 (ddt, J = 5.9, 4.4, 1.5 Hz, 2 H), 4.07 (ddt, J = 5.8,
2.9, 1.4 Hz, 2 H), 4.01 (tt, J = 5.7, 1.4 Hz, 2 H), 3.83 (t, J = 2.4 Hz, 1
H), 3.75 (dd, J = 10.8, 7.8 Hz, 1 H), 3.61 (dd, J = 10.8, 4.5 Hz, 1 H)
ppm. 13C NMR (101 MHz, CDCl3): δ = 190.4, 164.5, 134.9, 134.3
134.1, 118.2, 117.73, 117.70, 117.0, 79.6, 72.4, 71.3, 71.1, 71.0, 68.5,
65.0 ppm. HRMS (ESI+) calcd. for [C16H22O5 + Na]+: 317.13594, found
317.13574.
2.2. General Method for the Preparation of 2-C-Acetoxymethyl
Glycals 19: A solution of the corresponding 2-C-formyl-glycal in
ethanol was treated with NaBH4. The reaction mixture was stirred
for 20 min. After addition of water, the reaction crude was extracted
with CH2Cl2. The combined organic layers were dried, filtered and
evaporated under reduce pressure. The residue was directly dis-
solved in dry CH2Cl2 and treated with Ac2O, Et3N and DMAP and
the solution was stirred for 3 h at room temperature. The mixture
was diluted with CH2Cl2, and washed successively with 2 N HCl, satd
NaHCO3 and water. The organic layer was evaporated under vacuo
and purified by column chromatography.
2-Acetoxymethyl- 3,4,6-Tri-O-benzyl-D-glucal (19a):[51] This com-
pound was prepared according to the general procedure from
benzylated glycal 18a (1.02 g, 2.3 mmol). Silica gel chromatography
(hexane/ethyl acetate, 8:2) provided pure 19a (900 mg, 80 %) as a
colorless oil. This material gave satisfactory spectral and analytical
data comparable with the literature values.[51]
2-Acetoxymethyl-3,4,6-tri-O-allyl-D-glucal (19b): This compound
was prepared according to the general procedure from allylated
glycal 18b (1.56 g, 5.3 mmol). Silica gel chromatography (hexane/
ethyl acetate, 95:5) provided pure 19b (1.51 g, 84 %) as a colorless
oil. 1H NMR (400 MHz, CDCl3): δ = 6.52 (s, 1 H), 5.98–5.82 (m, 3 H),
5.32–5.22 (m, 3 H), 5.17 (m, 3 H), 4.62 (dt, J = 12.0, 0.8 Hz, 1 H), 4.46
(d, J = 12.0 Hz, 1 H), 4.25–4.13 (m, 3 H), 4.15–4.03 (m, 2 H), 4.04–
3.98 (m, 3 H), 3.76 (dd, J = 7.1, 5.4 Hz, 1 H), 3.71 (dd, J = 10.7, 5.4 Hz,
1 H), 3.65 (dd, J = 10.7, 3.6 Hz, 1 H), 2.03 (s, 3 H) ppm. 13C NMR
(101 MHz, CDCl3): δ = 171.1, 145.6, 134.8, 134.7, 134.5, 117.39,
117.36, 117.1, 108.4, 76.8, 74.4, 73.7, 72.5, 72.3, 71.6, 68.1, 62.5, 21.3




2.3 General Method for the Conversion of Allyl Acetates 19 to
Lactones 20.[18b] A solution of the corresponding allylic acetate in
dry CH2Cl2 was cooled to –65 °C in the presence of 4 Å molecular
sieves. m-CPBA (2.0 equiv.) and BF3·OEt2 (1.0 equiv.) were then
added and the resulting mixture was stirred for about 1 h until
reaction was complete (TLC monitoring). The crude reaction mix-
ture was quenched with 10 % Na2S2O4 aqueous solution and
brought to room temp. The aqueous layer was reextracted with
CH2Cl2 and the combined organic layers were washed with aqueous
NaHCO3 and brine, dried, filtered and evaporated under reduced
pressure. The resulting crude material was purified by flash chroma-
tography.
2-C-Methylene-lactone 20a: This compound was prepared accord-
ing to the general procedure from benzylated glycal 19a (298 mg,
0.6 mmol). Silica gel chromatography (hexane/ethyl acetate, 65:35)
provided pure 20a (267 mg, 98 %) as a colorless oil. This material
gave satisfactory spectral and analytical data, comparable with the
literature values.[52]
2-C-Methylene-lactone 20b: This compound was prepared accord-
ing to the general procedure from benzylated glycal 19b (1.25 g,
3.7 mmol). Silica gel chromatography (hexane/ethyl acetate, 65:35)
provided pure 20a (970 mg, 89 %) as a colorless oil. 1H NMR
(500 MHz, CDCl3): δ = 6.50 (s, 1 H), 5.98–5.83 (m, 4 H), 5.33–5.25 (m,
3 H), 5.24–5.16 (m, 3 H), 4.29–4.22 (m, 2 H), 4.21–4.14 (m, 4 H), 4.10–
3.99 (m, 2 H), 3.82 (t, J = 7.4 Hz, 1 H), 3.74 (m, 2 H) ppm. 13C NMR
(126 MHz, CDCl3): δ = 164.9, 134.7, 134.4, 134.2, 134.1, 129.9, 117.84,
117.79, 117.4, 79.1, 78.7, 75.4, 72.7, 72.6, 71.5, 68.6 ppm. HRMS (ESI+)
calcd. for [C16H22O5 + H]+ = 295.1540, found 295.1539.
2.4. General Method for the Addition of Alkynyl Residues to
Lactones 20: A flame-dried 25 mL round-bottomed flask equipped
with a stir bar and argon inlet was charged with a solution of the
corresponding alkyne (3.0 equiv.) in dry THF (2 mL/mmol). The reac-
tion was cooled to –78 °C, and then treated with n-butyllithium
(3.05 equiv.). After 30 min at –78 °C, a solution of the corresponding
lactone 20 in dry THF (4 mL/mmol) was added, and the reaction
mixture was kept at that temperature until it was complete, then
trimethylsilyl chloride (5.0 equiv.) was added. After warming to
room temp., the mixture was stirred for 30 min. The crude reaction
mixture was diluted with diethyl ether and quenched with water.
The aqueous layer was reextracted with diethyl ether and the com-
bined organic layers were washed with brine, dried, filtered and
evaporated under reduced pressure. The resulting crude material
was purified by flash chromatography.
Compound 14a: This compound was prepared according to the
general procedure from lactone 20a (1.5 g, 3.4 mmol) and phenyl-
acetylene (1.11 mL, 10.11 mmol). Silica gel chromatography (hex-
ane/ethyl acetate, 95:5) provided pure 14a (1.35 g, 65 %). 1H NMR
(400 MHz, CDCl3): δ = 7.43–7.37 (m, 4 H), 7.36–7.26 (m, 14 H), 7.27–
7.20 (m, 2 H), 5.56 (s, 1 H), 5.35 (t, J = 1.8 Hz, 1 H), 4.92 (d, J =
10.8 Hz, 1 H), 4.83 (d, J = 11.5 Hz, 1 H), 4.74 (d, J = 11.5 Hz, 1 H),
4.63–4.57 (m, 2 H), 4.54 (d, J = 12.2 Hz, 1 H), 4.49 (dt, J = 9.2, 2.0 Hz,
1 H), 4.06 (ddd, J = 9.7, 4.3, 2.0 Hz, 1 H), 3.78 (dd, J = 10.8, 4.3 Hz,
1 H), 3.72 (dd, J = 10.8, 2.0 Hz, 1 H), 3.61 (t, J = 9.4 Hz, 1 H), 0.31 (s,
9 H) ppm. 13C NMR (101 MHz, CDCl3): δ = 145.2, 138.5, 138.4, 138.3,
131.9, 129.1, 128.6, 128.5, 128.43, 128.40, 128.3, 128.1, 127.9, 127.8,
127.6, 121.8, 107.7, 93.1, 87.2, 87.1, 81.8, 79.9, 75.2, 74.4, 73.4, 73.3,
69.4, 1.8 ppm. HRMS (ESI+) calcd. for [C39H42O5Si + NH4]+: =
636.3140, found 636.3120.
Compound 14b: This compound was prepared according to the
general procedure from lactone 20b (262 mg, 0.89 mmol) and
phenyl acetylene (290 μL, 2.67 mmol). Silica gel chromatography
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(hexane/ethyl acetate, 95:5) provided pure 14b (193 mg, 46 %). 1H
NMR (400 MHz, CDCl3): δ = 7.45–7.41 (m, 2 H), 7.38–7.29 (m, 3 H),
6.04–5.84 (m, 3 H), 5.49 (t, J = 1.9 Hz, 1 H), 5.36–5.28 (m, 2 H), 5.26–
5.23 (m, 2 H), 5.21–5.13 (m, 3 H), 4.37 (ddt, J = 12.3, 5.9, 1.4 Hz, 1
H), 4.29 (dt, J = 9.3, 2.1 Hz, 1 H), 4.29–4.19 (m, 1 H), 4.21–4.10 (m, 2
H), 4.10–4.02 (m, 2 H), 3.98 (ddd, J = 9.8, 4.2, 2.6 Hz, 1 H), 3.76–3.65
(m, 2 H), 3.36 (t, J = 9.5 Hz, 1 H), 0.28 (s, 9 H, -OTMS) ppm. 13C NMR
(101 MHz, CDCl3): δ = 145.4, 135.12, 135.09, 135.0, 131.9, 129.1,
128.5, 121. 9, 117.12, 117.09, 116.8, 107.4, 93.0, 87.3, 87.1, 81.3, 79.8,
74.3, 74.1, 72.4, 69.4, 1.8 ppm. HRMS (ESI+) calcd. for [C27H36O5Si +
Na]+ = 491.22242, found 491.22196.
Compound 14c: This compound was prepared according to the
general procedure from lactone 20a (1.41 g, 3.17 mmol) and tri-
methylsilylacetylene (13.3 mL, 9.51 mmol). Silica gel chromatogra-
phy (hexane/ethyl acetate, 95:5) provided pure 14c (644 mg, 33 %).
1H NMR (400 MHz, CDCl3): δ = 7.42–7.38 (m, 2 H), 7.36–7.27 (m, 11
H), 7.28–7.19 (m, 2 H), 5.49 (t, J = 1.6 Hz, 1 H), 5.30 (t, J = 1.7 Hz, 1
H), 4.90 (d, J = 10.8 Hz, 1 H), 4.79 (d, J = 11.6 Hz, 1 H), 4.69 (d, J =
11.6 Hz, 1 H), 4.61–4.54 (m, 2 H), 4.52 (d, J = 12.2 Hz, 1 H), 4.38 (dt,
J = 9.3, 2.1 Hz, 1 H), 3.95 (ddd, J = 9.6, 4.4, 2.0 Hz, 1 H), 3.75 (dd,
J = 10.9, 4.3 Hz, 1 H), 3.68 (dd, J = 10.8, 2.0 Hz, 1 H), 3.55 (t, J =
9.5 Hz, 1 H), 0.26 (s, 9 H), 0.16 (s, 9 H) ppm. 13C NMR (101 MHz,
CDCl3): δ = 145.0, 138.6, 138.5, 138.4, 128.6, 128.5 128.4, 128.3,
128.0, 127.9, 127.8, 127.6, 107.7, 103.0, 92.4, 92.3, 81.7, 79.9, 75.2,
74.2, 73.3, 73.2, 69.3, 1.8, –0.2 ppm. HRMS (ESI+) calcd. for
[C36H46O5Si2 + NH4]+ = 632.3222, found 632.3229.
2.5. General Method for the Preparation of Cobalt Complexed
Alkynes 15: A solution of Co2(CO)8 (1.2 equiv.) in anhydrous CH2Cl2
(1 mL/mmol) was added to a solution of the corresponding alkyne
14 in CH2Cl2 (10 mL/mmol). The resulting dark solution was stirred
at room temperature until TLC showed complete formation of the
complex (ca. 2 h). The solvent of the resulting reaction mixture was
then removed under vacuum, and the residue was purified by flash
chromatography.
Dicobalt Hexacarbonyl Complexed Alkyne 15a: This compound
was prepared according to the general procedure from alkyne 14a
(74.4 mg, 0.12 mmol). Silica gel chromatography (hexane/ethyl acet-
ate, 95:5) provided pure 15a (100 mg, 92 %). 1H NMR (400 MHz,
CDCl3): δ = 7.42–7.35 (m, 2 H), 7.34–7.27 (m, 11 H), 7.23–7.19 (m, 2
H), 7.10–7.06 (m, 2 H), 5.61 (t, J = 2.0 Hz, 1 H), 5.50 (t, J = 2.0 Hz, 1
H), 4.80 (d, J = 11.8 Hz, 1 H), 4.58 (d, J = 10.9 Hz, 1 H), 4.52 (m, 2
H), 4.46 (d, J = 10.9 Hz, 1 H), 4.40 (d, J = 11.9 Hz, 1 H), 4.12 (dt, J =
9.5, 2.2 Hz, 1 H), 3.77 (t, J = 9.6 Hz, 1 H), 3.71 (dd, J = 10.3, 2.6 Hz,
1 H), 3.63 (dt, J = 9.8, 2.2 Hz, 1 H), 3.58 (dd, J = 10.2, 1.8 Hz, 1 H),
0.22 (s, 9 H) ppm. 13C NMR (101 MHz, CDCl3): δ = 199.9, 147.1, 139.2,
138.8, 138.4, 138.2, 130.1,128.7, 128.5, 128.3, 128.2, 128.0, 127.8,
127.7, 127.5, 127.2, 126.9, 111.3, 104.8, 101.2, 93.3, 81.3, 78.5, 73.9,
73.8, 73.6, 73.4, 68.5, 1.8 ppm. HRMS (ESI+) calcd. for
[C45H42Co2O11Si + NH4]+ 922.1499, found 922.1475.
Dicobalt Hexacarbonyl Complexed Alkyne 15b: This compound
was prepared according to the general procedure from alkyne 14b
(129.8 mg, 0.277 mmol). Silica gel chromatography (hexane/ethyl
acetate, 9:1) provided pure 15b (169.4 mg, 81 %). 1H NMR (400 MHz,
CDCl3): δ = 7.40–7.28 (m, 5Hr), 5.92–5.74 (m, 3 H), 5.52 (t, J = 2.1 Hz,
1 H), 5.38 (t, J = 2.1 Hz, 1 H), 5.27–5.16 (m, 2 H), 5.14–4.99 (m, 4 H),
4.22–4.18 (m, 1 H), 4.09–3.90 (m, 5 H), 3.87 (ddt, J = 8.1, 4.5, 1.9 Hz,
1 H), 3.60 (dd, J = 10.4, 2.0 Hz, 1 H), 3.51–3.43 (m, 3 H), 0.19 (s, 9 H,
-OTMS) ppm. 13C NMR (101 MHz, CDCl3): δ = 199.7, 147.4, 138.7,
135.4, 135.0, 134.9, 130.1, 128.7, 127.6, 116.9, 116.4, 115.3, 111.3,
104. 8, 101.2, 93.1, 80.5, 78.2, 76.6, 73.6, 72.8, 72.7, 72.2, 68.4, 1.7




Dicobalt Hexacarbonyl Complexed Alkyne 15c: This compound
was prepared according to the general procedure from alkyne 14c
(158 mg, 0.26 mmol). Silica gel chromatography (hexane/ethyl acet-
ate, 98:2) provided pure 15c (216.7 mg, 94 %). 1H NMR (400 MHz,
CDCl3): δ = 7.35–7.26 (m, 13 H), 5.55 (t, J = 2.0 Hz, 1 H), 5.46 (t, J =
2.0 Hz, 1 H), 4.98 (d, J = 11.7 Hz, 1 H), 4.75–4.62 (m, 3 H), 4.51 (d,
J = 11.9 Hz, 1 H), 4.43–4.34 (m, 2 H), 3.90–3.85 (m, 2 H), 3.83 (dd,
J = 10.6, 1.8 Hz, 1 H), 3.57 (d, J = 10.6 Hz, 1 H), 0.40 (s, 9 H), 0.18 (s,
9 H) ppm. 13C NMR (101 MHz, CDCl3): δ = 200.7, 146.8, 139.3, 138.5,
138.2, 128.6, 128.44, 128.38, 128.1, 128.0, 127.7, 127.6, 127.5, 127.2,
113.7, 111.0, 101.5, 81.5, 79.0, 74.9, 74.3, 73.53, 73.50, 68.5, 2.5, 1.8
ppm. HRMS (ESI+) calcd. for [C42H46Co2O11Si2 + Na]+ 923.1135,
found 923.1142.
3. Reactivity of Glycosides 14, under Acid or Basic Media, in the
Absence of External Nucleophiles
Reaction of 14a with InBr3: A solution of 14a (67 mg, 0.11 mmol)
in dry CH2Cl2 (5 mL) was treated with InBr3 (38.4 mg, 0.11 mmol).
The mixture was stirred for 15 min, and then quenched with satu-
rated aqueous NaHCO3. The layers were separated, the aqueous
layer was extracted with CH2Cl2 and the combined organic layers
were washed with brine, dried with Na2SO4, filtered, and concen-
trated in vacuo. The crude product was then purified by silica gel
chromatography (hexane/ethyl acetate, 8:2) to provide open-chain
derivatives 24a (9.3 mg, 14 %) and 24b (34.1 mg, 58 %). For 24a:
1H NMR (500 MHz, CDCl3): δ = 7.64–7.60 (m, 2 H), 7.50–7.45 (m, 1
H), 7.43–7.38 (m, 2 H), 7.36–7.27 (m, 10 H), 7.26–7.20 (m, 3 H), 7.20–
7.16 (m, 2 H), 6.76 (d, J = 1.1 Hz, 1 H), 6.44 (d, J = 1.1 Hz, 1 H), 4.82
(d, J = 2.8 Hz, 1 H), 4.52–4.47 (m, 4 H), 4.44 (d, J = 11.2 Hz, 1 H),
4.37 (d, J = 11.4 Hz, 1 H), 4.15 (td, J = 6.2, 2.3 Hz, 1 H), 3.75–3.70
(m, 2 H), 3.59 (dd, J = 10.1, 5.8 Hz, 1 H), 0.12 (s, 9 H, -OTMS) ppm.
13C NMR (126 MHz, CDCl3): δ = 179.0, 146.3, 138.5, 138.3, 138.1,
133.5, 133.1, 130.9, 128.8, 128.5, 128.43, 128.38, 128.35, 128.1, 128.0,
127.73, 127.69, 127.56, 120.2, 91.8, 86.3, 81.2, 75.8, 74. 9, 73.4, 72.7,
72.3, 72.0, 0.8 ppm. For 24b: 1H NMR (300 MHz, CDCl3): δ = 7.65–
7.59 (m, 2 H), 7.50–7.40 (m, 4 H), 7.37–7.27 (m, 12 H), 7.26–7.21 (m,
2 H), 7.18 (dd, J = 7.5, 2.0 Hz), 6.83 (d, J = 1.1 Hz, 1 H), 6.53 (t, J =
1.2 Hz, 1 H), 4.95 (d, J = 2.8 Hz, 1 H), 4.55 (d, J = 11.4 Hz, 1 H), 4.52–
4.49 (m, 2 H), 4.45–4.40 (m, 2 H), 4.37 (d, J = 11.4 Hz, 1 H), 4.04 (tt,
J = 7.7, 4.0 Hz, 1 H) 3.69 (dd, J = 7.7, 2.8 Hz, 1 H), 3.65–3.56 (m, 2
H), 2.64 (d, J = 6.8 Hz, 1 H, -OH) ppm. 13C NMR (126 MHz, CDCl3):
δ = 179.1, 146.0, 138.1, 138.0, 137.7, 133.5, 133.11, 130.89, 128.81,
128.55, 128.48, 128.41, 128.07, 128.04, 127.88, 127.84, 120.1, 91.9,
86.1, 79.5, 75.4, 74.5, 73.6, 72.2, 71.2, 70.3 ppm. HRMS (ESI+) calcd.
for [C36H34O5 + Na]+ 569.22985, found 569.23036.
Reaction of 14a with BF3·OEt2: A solution of 14a (66 mg,
0.11 mmol) in dry CH2Cl2 (5 mL) under an argon atmosphere was
cooled to –20 °C, and treated with BF3·OEt2 (13.5 μL, 0.107 mmol).
The mixture was stirred at that temperature for 10 min, and then
quenched with saturated aqueous NaHCO3. The cooling bath was
removed and the layers were separated. The aqueous layer was
extracted with CH2Cl2. The combined organic layers were washed
with brine, dried with Na2SO4, filtered, and concentrated in vacuo.
The crude product was purified by silica gel chromatography (hex-
ane/ethyl acetate, 8:2) to yield 24b as a colorless oil (30.5 mg, 52 %).
Reaction of 14a with Et3N-3HF: A solution of 14a (65 mg,
0.10 mmol) in dry THF (5 mL) under an argon atmosphere at room
temp., was treated with Et3N-3HF (16 μL, 0.10 mmol). The mixture
was stirred at that temperature for 1 h, and then diluted with di-
ethyl ether and quenched with saturated aqueous NaHCO3. The
layers were separated, the aqueous layer was extracted with diethyl
ether and the combined organic layers were washed with brine,
dried with Na2SO4, filtered, and concentrated in vacuo. The crude
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product was purified by silica gel chromatography (hexane/ethyl
acetate, 8:2) to yield 24b as a colorless oil (49 mg, 90 %).
Reaction of 14a with Et3N-3HF Followed by Treatment with
Et3N. Method A: A solution of 14a (63 mg, 0.10 mmol) in dry THF
(5 mL) under an argon atmosphere at. room temp., was treated
with Et3N-3HF (16 μL, 0.10 mmol). The mixture was stirred at that
temperature for 1 h, Et3N was added (800 μL, 5.7 mmol) and the
mixture stirred for additional 72 h. The reaction crude was then
diluted with diethyl ether, and saturated aqueous NaHCO3 was
added. The layers were separated, the aqueous layer was extracted
with diethyl ether and the combined organic layers were washed
with brine, dried with Na2SO4, filtered, and concentrated in vacuo.
The crude product was purified by silica gel chromatography (hex-
ane/ethyl acetate, 8:2) to yield an inseparable mixture containing
24b and 25 in a 3:1 ratio (47 mg, 88 %). For 25: 1H NMR (500 MHz,
CDCl3): δ = 7.57–7.53 (m, 2 H), 7.50–7.26 (m, 15 H), 7.26–7.21 (m, 1
H), 7.19–7.15 (m, 2 H), 4.83 (m, 2 H), 4.77 (d, J = 10.7 Hz, 1 H), 4.63
(d, J = 12.2 Hz, 1 H), 4.54 (m, 2 H), 4.24 (dd, J = 11.4, 4.6 Hz, 1 H),
4.14 (dd, J = 10.4, 8.8 Hz, 1 H), 3.74–3.70 (m, 2 H), 3.67 (dd, J = 9.8,
8.8 Hz, 1 H), 3.53 (t, J = 11.4 Hz, 1 H), 3.46 (ddd, J = 9.8, 3.6, 2.7 Hz,
1 H), 3.37 (ddd, J = 11.2, 10.4, 4.6 Hz, 1 H) ppm. 13C NMR (126 MHz,
CDCl3): δ = 185.3, 138.2, 138.1, 138.0, 133.4, 131.3, 128.9, 128.6,
128.57, 128.53, 128.51, 128.1, 128.0, 127.98, 127.90, 127.87, 119.6,
93.6, 88.2, 81.9, 79.9, 79.0, 75.4, 75.3, 73.8, 69.0, 67.5, 59.0 ppm.
HRMS (ESI+) calcd. for [C36H34O5 + NH4]+ 564.27445, found
564.27358.
Reaction of 14a with Et3N-3HF Followed by Treatment with
Et3N. Method B: A solution of 14a (63 mg, 0.10 mmol) in dry THF
(5 mL) under an argon atmosphere at room temp., was treated
with Et3N-3HF (16 μL, 0.10 mmol). The mixture was stirred at that
temperature for 1 h, and then it was treated with Et3N (800 μL,
5.7 mmol), warmed to 65 °C and stirred at that temperature for
additional 72 h. The reaction mixture was then cooled, diluted with
diethyl ether, and it was added saturated aqueous NaHCO3. The
layers were separated, the aqueous layer was extracted with diethyl
ether and the combined organic layers were washed with brine,
dried with Na2SO4, filtered, and concentrated in vacuo. The crude
product was purified by silica gel chromatography (hexane/ethyl
acetate, 8:2) to yield a single spot containing an inseparable mixture
of two compounds: 25, and a new derivative, which was tentatively
assigned as compound 26 (1.5:1 ratio, 42 mg, 87 %). For 26a (se-
lected peaks): 1H NMR (300 MHz, CDCl3): δ = 7.61–7.52 (m, 2 H),
7.51–7.45 (m, 1 H), 7.44–7.38 (m, 2 H), 7.38–7.27 (m, 7 H), 4.73–4.51
(m, 5 H), 4.43–4.32 (m, 2 H), 3.77 (dd, J = 10.6, 2.3 Hz, 1 H), 3.71
(dd, J = 10.7, 4.3 Hz, 1 H), 3.53 (ddd, J = 8.6, 4.3, 2.3 Hz, 1 H)
ppm. HRMS (ESI+) calcd. for [C29H26O4 + NH4]+ 456.21693, found
456.21961.
Treatment of 14b with Basic Alumina: A solution of 14b (24 mg,
0.05 mmol) in EtOAc (5 mL) was stirred in the presence of basic
alumina at room temp. The reaction mixture was filtered and the
ensuing filtrate was purified by flash chromatography (hexane/ethyl
acetate, 8:2) to yield compound 27 as a colorless oil (6.2 mg, 36 %)
as well as recovered starting material 14b (7.9 mg, 33 %). 1H NMR
(400 MHz, CDCl3): δ = 7.63–7.58 (m, 2 H), 7.49–7.45 (m, 1 H), 7.44–
7.37 (m, 2 H), 7.31 (q, J = 2.0 Hz, 1 H), 6.05–5.85 (m, 2 H), 5.40–5.10
(m, 4 H), 4.61 (dt, J = 16.7, 1.8 Hz, 1 H), 4.37 (ddd, J = 16.7, 3.2,
2.4 Hz, 1 H), 4.30–4.20 (m, 2 H, 4-H), 4.21–3.99 (m, 3 H), 3.76 (dd,
J = 10.7, 2.2 Hz, 1 H), 3.69 (dd, J = 10.6, 4.8 Hz, 1 H), 3.49 (ddd, J =
8.7, 4.7, 2.3 Hz, 1 H) ppm. 13C NMR (101 MHz, CDCl3): δ = 177.1,
142.2, 140.1, 134.7, 134.4, 133.1, 131.0, 128.9, 120.1, 118.3, 117.8,
76.2, 72.8, 71.3, 70.5, 69.2, 64.7 ppm. HRMS (ESI+) calcd. for
[C21H22O4 + NH4]+ 356.18563, found 356.18592.
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4. Reaction of Glycoside 14a with Indole and Thiols
4.1 General Method Mediated by InBr3: A solution of the corre-
sponding alkynyl ketoside 14, and the appropriate nucleophile (ind-
ole or thiophenol) in anhydrous CH2Cl2 (25 mL/mmol) was treated
at room temp. with InBr3 (1.0 equiv.). The mixture was stirred for
1 h, and then quenched with saturated aqueous NaHCO3. The layers
were separated, the aqueous layer was extracted with CH2Cl2, the
combined organic layers were washed with brine, dried with
Na2SO4, filtered, and concentrated in vacuo. The residue was then
purified by flash chromatography.
4.2 General Method Mediated by BF3·OEt2: A solution of alkynyl
ketoside 14 (1.0 equiv.) and the appropriate nucleophile (indole or
thiophenol, 2.2 equiv.) in anhydrous CH2Cl2 (25 mL/mmol) was
cooled to the appropriate temperature and then treated with
BF3·OEt2 (1.0 equiv.). The mixture was stirred for 1 h, and then
quenched with saturated aqueous NaHCO3. The layers were sepa-
rated, the aqueous layer was extracted with CH2Cl2, the combined
organic layers were washed with brine, dried with Na2SO4, filtered,
and concentrated in vacuo. The residue was then purified by flash
chromatography.
Reaction of 14a with Indole and InBr3: A solution of 14a (31 mg,
0.05 mmol) and indole (13 mg, 0.11 mmol) in dry CH2Cl2 (2.5 mL)
was treated at room temperature with InBr3 (17.8 mg, 0.05 mmol)
according to the general method 5.1. The crude product was then
purified by silica gel chromatography (hexane/ethyl acetate, 9:1 to
1:1) to provide open-chain derivatives 24b (6.3 mg, 23 %) along
with indole-containing compounds 28a (3.5 mg, 11 %), 28b
(6.8 mg, 24 %) and 29 (5.0 mg, 15 %).
For 28a: 1H NMR (400 MHz, CDCl3): δ = 7.84 (s, 1 H), 7.60–7.52 (m,
3 H), 7.51–7.42 (m, 1 H), 7.40–7.27 (m, 9 H, 5-H), 7.23–7.20 (m, 3 H),
7.17 (ddd, J = 8.1, 7.0, 1.2 Hz, 1 H), 7.11–7.03 (m, 3 H), 6.84 (d, J =
2.6 Hz), 4.62 (dd, J = 9.3, 5.5 Hz, 1 H), 4.51 (d, J = 12.0 Hz, 1 H), 4.47
(d, J = 12.0 Hz, 1 H), 4.29 (d, J = 11.8 Hz, 1 H), 4.12 (d, J = 11.8 Hz,
1 H), 4.04 (q, J = 5.1 Hz, 1 H), 3.92 (dd, J = 15.1, 1.2 Hz, 1 H), 3.86
(d, J = 15.1 Hz, 1 H), 3.56–3.44 (m, 2 H), 0.09 (s, 9 H) ppm. 13C NMR
(101 MHz, CDCl3): δ = 180.0, 147.3 144.7, 138.4, 138.2, 136.3, 133.1,
130.6, 128.7, 128.6, 128.5, 128.4, 127.8, 127.69, 127.65, 127.3, 122.4,
122.2, 120.4, 119.5, 119.3, 114.0, 111.1, 92.4, 86.5, 76.4, 74.0, 73.6,
71.9, 71.5, 21.1, 0.5 ppm. HRMS (ESI+) calcd. for [C40H41O4NSi + Na]+
650.26971, found 650.27280.
For 28b: 1H NMR (500 MHz, CDCl3): δ = 7.79 (s, 1 H), 7.56–7.49 (m,
3 H), 7.47–7.41 (m, 1 H), 7.39–7.26 (m, 10 H, 5-H, H), 7.26–7.21 (m,
2 H), 7.19–7.12 (m, 3 H), 7.07 (ddd, J = 8.0, 7.0, 1.0 Hz, 1 H), 6.81
(dd, J = 2.3, 1.1 Hz, 1 H), 4.58 (dd, J = 9.4, 5.7 Hz, 1 H), 4.44 (d, J =
11.9 Hz, 1 H), 4.41 (s, 2 H), 4.22 (d, J = 11.8 Hz, 1 H), 3.97–3.89 (m,
2 H), 3.80 (d, J = 15.3 Hz, 1 H), 3.53 (dd, J = 9.7, 5.7 Hz, 1 H), 3.45
(dd, J = 9.7, 4.2 Hz, 1 H), 2.30 (s, 1 H, OH) ppm. 13C NMR (101 MHz,
CDCl3): δ = 179.8, 145.8, 145.0, 138.0, 137.9, 136.2, 133.1, 130.7,
128.7, 128.6, 128.0, 127.9, 127.1, 122.4, 122.3, 120.3, 119.7, 119.1,
114.0, 111.2, 92.7, 86.5, 75.8, 73.5, 72.4, 71.5, 70.5, 21.2 ppm. HRMS
(ESI+) calcd. for [C37H33NO4 + NH4]+ 573.2748, found 573.2731.
For 29: 1H NMR (500 MHz, CDCl3): δ = 8.07 (d, J = 2.4 Hz, 1 H),
7.79–7.74 (m, 2 H), 7.58–7.55 (m, 2 H), 7.46–7.38 (m, 4 H), 7.35–7.29
(m, 6 H), 7.25–7.21 (m, 2 H), 7.19–7.09 (m, 5 H), 7.05–7.02 (m, 1 H),
7.02–6.99 (m, 3 H), 6.97 (d, J = 2.4 Hz, 1 H), 6.60 (s, 1 H), 4.69 (d, J =
11.5 Hz, 1 H), 4.56 (s, 2 H), 4.42 (d, J = 11.4 Hz, 1 H), 4.28 (d, J =
5.8 Hz, 1 H), 4.19 (ddd, J = 9.0, 5.4, 2.4 Hz, 1 H), 3.96 (dd, J = 9.0,
5.8 Hz, 1 H), 3.78 (dd, J = 10.7, 2.4 Hz, 1 H), 3.63 (dd, J = 10.7, 5.4 Hz,
1 H), 3.21 (d, J = 15.1 Hz, 1 H), 3.12 (d, J = 15.1 Hz, 1 H) ppm. 13C
NMR (126 MHz, CDCl3): δ = 145.8, 140.0, 138.4, 138.0, 137.2, 136.44,
136.40, 133.1, 131.1, 129.1, 128.9, 128.6, 128.5, 128.3, 128.0, 127.7,
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126.1, 125.1, 124.0, 122.8, 122.1, 119.7, 119.5, 118.9, 115.6, 114.5,
111.5, 111.1, 110.9, 74.6, 73.9, 73.8, 72.8, 69.6, 39.4, 25.4 ppm. HRMS
(ESI+) calcd. for [C45H36N2O3 + H]+ 653.27987, found 653.27974.
Reaction of 24b with Indole and InBr3: A solution of 24b (33 mg,
0.06 mmol) and indole (15 mg, 2.2 equiv., 0.132 mmol) in dry CH2Cl2
(3 mL) was treated at room temperature with InBr3 (21 mg,
0.06 mmol). The mixture was stirred for 7 h, and then quenched
with saturated aqueous NaHCO3. The layers were separated, the
aqueous layer was extracted with CH2Cl2, the combined organic
layers were washed with brine, dried with Na2SO4, filtered, and con-
centrated in vacuo. The crude product was then purified by silica
gel chromatography (hexane/ethyl acetate, 9:1 to 1:1) to provide
indole-containing compounds 28b (5.6 mg, 17 %) and 29 (4 mg,
10 %).
Reaction of 28b with Indole and InBr3: A solution of 28b (17 mg,
0.03 mmol) and indole (8 mg, 2.0 equiv., 0.06 mmol) in dry CH2Cl2
(1.8 mL) was treated at room temp. with InBr3 (22 mg, 0.05 mmol,
2.0 equiv.). The mixture was stirred for 7 h, and then quenched with
saturated aqueous NaHCO3. The layers were separated, the aqueous
layer was extracted with CH2Cl2, the combined organic layers were
washed with brine, dried with Na2SO4, filtered, and concentrated in
vacuo. The crude product was then purified by silica gel chromatog-
raphy (hexane/ethyl acetate, 9:1 to 1:1) to provide tricyclic deriva-
tive 40 (2 mg, 12 %).
For 40: 1H NMR (500 MHz, CDCl3): δ = 7.78 (s, 1 H), 7.53 (d, J =
8.1 Hz, 1 H), 7.50–7.45 (m, 5 H), 7.37–7.27 (m, 5 H), 7.24–7.19 (m, 4
H), 7.11–7.07 (m, 2 H), 7.06–7.02 (m, 1 H), 6.45 (s, 1 H), 6.37 (d, J =
9.3 Hz, 1 H), 4.58 (dd, J = 9.5, 5.9 Hz, 1 H), 4.44–4.33 (m, 3 H), 4.21
(d, J = 11.9 Hz, 1 H), 3.98 (d, J = 15.4 Hz, 1 H), 3.89 (dq, J = 5.5,
3.9 Hz, 1 H), 3.76 (d, J = 15.1 Hz, 1 H), 3.62 (dd, J = 9.8, 5.5 Hz, 1 H),
3.51 (dd, J = 9.8, 3.9 Hz, 1 H), 2.29 (d, J = 5.8 Hz) ppm. 13C NMR
(126 MHz, CDCl3): δ = 192.3, 144.2, 143.4, 139.2, 138.1, 137.9, 136.2,
135.0, 131.5, 129.9, 129.2, 129.1, 128.5, 128.4, 128.3, 127.93, 127.87,
127.78, 126.0, 124.6, 120.8, 119.3, 117.7, 111.7, 75.5, 73.5, 72.4, 71.1,
70.5, 22.8 ppm. HRMS (ESI+) calcd. for [C37H33NO4 + H – H2O]+
538.2377, found 538.2557.
Reaction of 14a with Thiophenol Mediated by BF3·OEt2: A solu-
tion containing the alkynyl glycoside 14a (36 mg, 0.058 mmol) and
thiophenol (13 μL, 0.128 mmol, 2.2 equiv.) in dry CH2Cl2 (2.9 mL)
under an argon atmosphere, was cooled to –78 °C and treated with
BF3·OEt2 (7.3 μL, 0.058 mmol) according to the General Method 5.2.
The mixture was stirred for 15 min. Purification by silica gel chroma-
tography (hexane/ethyl acetate, 9:1) provided open-chain derivative
24b (7.3 mg, 23 %) and thiophenol containing derivative 43 (5 mg,
14 %).
For 43: 1H NMR (500 MHz, CDCl3): δ = 7.57–7.54 (m, 2 H), 7.42–7.35
(m, 4 H), 7.35–7.27 (m, 11 H), 7.24–7.19 (m, 4 H), 4.56–4.51 (m, 2 H),
4.51–4.42 (m, 2 H), 4.31 (d, J = 11.7 Hz, 1 H), 3.95 (m, 2 H), 3.86 (d,
J = 12.0 Hz, 1 H), 3.64–3.58 (m, 2 H) ppm. 13C NMR (126 MHz, CDCl3):
δ = 178.0, 147.3, 141.7, 137.9, 137.8, 135.9, 133.2, 131.2, 130.9, 129.2,
128.8, 128.63, 128.62, 128.1, 128.03, 127.99, 127.91, 127.2, 120.2,
93.2, 86.0, 82.1, 76.4, 73.6, 72.2, 71.8, 70.5, 29.3 ppm. HRMS (ESI+)
calcd. for [C35H32O4S + H]+ 549.20941, found 549.20920.
In a different experiment, compound 14a (37 mg, 0.06 mmol) was
submitted to the same procedure but the reaction was allowed to
stir for 5 h at –78 °C. After purification by flash chromatography
(hexane/ethyl acetate, 9:1), derivatives 24b (2 mg, 6 %) and bis-
thiophenylated ketone 44 (13 mg, 33 %, mixture 5.6:1 of diastereo-
mers) could be obtained.
For 44 (only signals of the major isomer are shown): 1H NMR
(500 MHz, CDCl3): δ = 7.40–7.27 (m, 12 H), 7.25–7.01 (m, 13 H), 6.80
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(s, 1 H), 6.60 (d, J = 9.3 Hz, 1 H), 4.56–4.48 (m, 2 H), 4.46 (d, J =
11.9 Hz, 1 H), 4.41 (dd, J = 9.3, 5.7 Hz, 1 H), 4.30 (d, J = 11.8 Hz, 1
H), 4.05 (d, J = 11.9 Hz, 1 H), 3.93 (m, 2 H), 3.59 (m, 2 H), 2.43 (d,
J = 5.8 Hz, 1 H) ppm. 13C NMR (126 MHz, CDCl3): δ = 188.7, 162.0,
142.1, 138.9, 138.7, 137.99, 137.92, 136.2, 134.3, 132.8, 131.1, 129.10,
129.05, 128.59, 128.57, 128.52, 128.49, 127.97, 127.94, 127.93,
127.90, 127.89, 127.0, 119.7, 76.4, 73.6, 72.3, 71.5, 70.5, 30.4 ppm.
HRMS (ESI+) calcd. for [C35H32O4S+H]+ 659.22843, found 659.23079.
Finally, when the reaction between 14a (30 mg, 0.0485 mmol) and
thiophenol (11 μL, 0.107 mmol, 2.2 equiv.) was performed in the
presence of BF3·OEt2 (6.1 μL, 0.048 mmol) at –20 °C, polyfunctional-
ized glycal 45 was isolated as an inseparable mixture of diastereo-
mers (22.2 mg, 61 %) after flash chromatography (hexane/diethyl
ether/toluene, 98:2:1).
For 45: HRMS (ESI+) calcd. for [C47H42O3S3 + K]+ 751.23688, found
751.24017.
Reaction of 14a with Thiophenol and InBr3: A solution containing
the alkynyl glycoside 14a (22 mg, 0.036 mmol) and thiophenol
(8 μL, 0.079 mmol, 2.2 equiv.) was treated with InBr3 (12.6 mg,
0.036 mmol, 1.0 equiv.) according to the General Method 5.2. The
mixture was stirred for 1 h. Purification by silica gel chromatography
(hexane/diethyl ether/toluene, 98:2:1) provided 45 (17.2 mg, 64 %).
Reaction of 24b with Thiophenol and InBr3: A solution contain-
ing the open-chain derivative 24b (27.9 mg, 0.051 mmol) and thio-
phenol (11.5 μL, 0.11 mmol, 2.0 equiv.) was treated with InBr3
(18.1 mg, 0.051 mmol, 1.0 equiv.) according to the general method
5.2. The mixture was stirred for 1 h. Purification by silica gel chroma-
tography (hexane/diethyl ether/toluene 98:2:1). provided 45
(24.5 mg, 64 %).
Reaction of 14a with 2-Mercaptopyridine and BF3·OEt2: A solu-
tion of 14a (31 mg, 0.051 mmol) and 2-mercapto pyridine (12.2 mg,
2.2 equiv., 0.11 mmol) in dry CH2Cl2 (2.5 mL) was treated at –20 °C
with BF3·OEt2 (6.4 μL, 0.05 mmol) according to the General Method
5.1. After 1 h of stirring, the crude product was purified by silica
gel chromatography (hexane/ethyl acetate, 8:2) to provide com-
pound 46 as a separable 8:1 mixture of Z/E isomers (18.4 mg, 56 %).
Reaction of 14a with 2-Mercaptopyridine and InBr3: A solution
containing the alkynyl glycoside 14a (31 mg, 0.05 mmol) and 2-
mercapto pyridine (12.5 mg, 0.11 mmol, 2.0 equiv.) was treated with
InBr3 (18.1 mg, 0.05 mmol) according to the general method 5.2.
The mixture was stirred for 1 h. Purification by silica gel chromatog-
raphy (hexane/ethyl acetate, 95:5 to 8:2) provided derivatives 24b
(3.8 mg, 17 %), bis-thiophenylated ketone 46 as a 2.3:1 mixture of
isomers (7 mg, 21 %) and glycal 47 (6 mg, 18 %).
Reaction of 24b with 2-Mercaptopyridine and BF3·OEt2: A solu-
tion of 24b (21 mg, 0.04 mmol) and 2-mercapto pyridine (9.3 mg,
0.08 mmol, 2.2 equiv.) in dry CH2Cl2 (2.5 mL) was treated at –20 °C
with BF3·OEt2 (4.9 μL, 0.04 mmol) according to the general method
5.1. After 1 h of stirring, the crude product was purified by silica
gel chromatography (hexane/ethyl acetate, 8:2) to provide com-
pound 46 as a separable 2:1 mixture of Z/E isomers (major isomer
tentatively assigned as Z-isomer 10.8 mg, 43 % and 5.4 mg, 21 % of
minor E isomer).
For 46 (Major Isomer, Tentatively Assigned as Z-Isomer): 1H NMR
(400 MHz, CDCl3): δ = 8.44 (dt, J = 4.8, 1.3 Hz, 1 H), 8.25 (dt, J = 4.8,
1.6 Hz, 1 H), 7.54–7.38 (m, 4 H), 7.35–7.27 (m,7 H), 7.21–7.12 (m, 6
H), 7.08 (d, J = 8.1 Hz, 1 H), 7.03 (ddd, J = 7.5, 4.8, 1.1 Hz, 1 H), 6.89
(ddd, J = 7.3, 4.9, 1.1 Hz, 1 H), 6.74 (s, 1 H), 6.67 (d, J = 9.3 Hz, 1 H),
4.63 (dd, J = 9.3, 6.2 Hz, 1 H), 4.50 (d, J = 11.8 Hz, 1 H), 4.46 (d, J =
11.9 Hz, 1 H), 4.23 (d, J = 11.8 Hz, 1 H), 4.15–4.08 (m, 2 H), 4.05 (d,
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J = 12.9 Hz, 1 H), 3.76 (q, J = 5.6 Hz, 1 H), 3.54 (dd, J = 9.7, 5.4 Hz,
1 H), 3.50 (dd, J = 9.7, 4.0 Hz, 1 H), 2.57 (d, J = 6.3 Hz, 1 H) ppm.
13C NMR (101 MHz, CDCl3): δ = 191.9, 158.9, 156.1, 150.4, 149.6,
149.4, 143.1, 142.0, 138.09, 138.06, 137.1, 137.0, 136.1, 129.5, 129.4,
128.54, 128.47, 128.4, 127.90, 127.85, 127.84, 127.75, 126.6, 126.1,
122.2, 122.0, 119.6, 76.2, 73.6, 72.5, 71.4, 70.6, 25.2 ppm. HRMS (ESI+)
calcd. for [C39H36N2O4S2 + H]+ 661.2189, found 661.2182.
For 46 (minor Isomer, Tentatively Assigned as E-Isomer): 1H NMR
(400 MHz, CDCl3): δ = 8.31 (ddd, J = 5.0, 1.9, 0.9 Hz, 1 H), 8.26 (ddd,
J = 4.5, 1.8, 0.7 Hz, 1 H), 7.47–7.38 (m, 2 H), 7.36–7.25 (m, 12 H),
7.23 (t, J = 2.0 Hz, 1 H), 7.20–7.06 (m, 4 H), 6.96 (s, 1 H), 6.93–6.87
(m, 2 H), 6.71 (d, J = 9.3 Hz, 1 H), 4.82 (dd, J = 9.3, 6.2 Hz, 1 H),
4.57–4.46 (m, 3 H), 4.39 (d, J = 11.7 Hz, 1 H), 4.34 (d, J = 13.0 Hz, 1
H), 4.29 (d, J = 13.0 Hz, 1 H), 3.94 (q, J = 5.6 Hz, 1 H), 3.68–3.58 (m,
2 H), 2.97 (d, J = 7.2 Hz, 1 H) ppm. 13C NMR (101 MHz, CDCl3): δ =
189.5, 158.9, 156.7, 156.4, 149.7, 149.5, 142.6, 140.1, 139.4, 138.0,
136.3, 136.2, 129.5, 129.4, 128.9, 128.8, 128.54, 128.47, 128.4, 128.2,
128.1, 128.0, 127.92, 127.86, 127.8, 126.6, 126.1, 123.0, 122.5, 121.6,
119.7, 76.3, 73.6, 72.6, 71.6, 70.7, 25.6 ppm. HRMS (ESI+) calcd. for
[C39H36N2O4S2 + H]+ 661.2189, found 661.2215.
For 47: 1H NMR (500 MHz, CDCl3): δ = 8.35 (ddd, J = 4.9, 1.9, 1.0 Hz,
1 H), 7.49–7.46 (m, 2 H), 7.44 (ddd, J = 8.0, 7.3, 1.9 Hz, 1 H), 7.34–
7.27 (m, 16 H), 7.25–7.22 (m, 3 H), 6.94 (ddd, J = 7.3, 4.9, 1.1 Hz),
4.72 (d, J = 11.5 Hz), 4.68–4.62 (m, 3 H), 4.60 (d, J = 12.4 Hz, 1 H),
4.55 (d, J = 12.0 Hz, 1 H), 4.46 (d, J = 5.3 Hz, 1 H), 4.36 (d, J =
13.3 Hz, 1 H), 4.29 (d, J = 13.3 Hz, 1 H), 4.21 (ddd, J = 7.2, 4.9, 3.9 Hz,
1 H), 4.03 (dd, J = 7.2, 5.3 Hz, 1 H), 3.83 (dd, J = 10.8, 5.0 Hz, 1 H),
3.78 (dd, J = 10.8, 3.9 Hz, 1 H) ppm. 13C NMR (126 MHz, CDCl3): δ =
159.4, 149.5, 138.4, 138.1, 138.0, 136.5, 136.1, 133.1, 131.9, 129.1,
128.6, 128.51, 128.49, 128.45, 128.0, 127.94, 127.90, 127.80, 127.77,
122.7, 122.2, 119.7, 115.9, 93.8, 82.5, 77.2, 75.5, 74.1, 73.6, 73.2, 72.9,
68.0, 30.9 ppm. HRMS (ESI+) calcd. for [C41H37NO4S + H]+ 640.2516,
found 640.2502.
Reaction of 28b with 2-Mercaptopyridine and BF3·OEt2: A solu-
tion of 28b (18.4 mg, 0.033 mmol) and 2-mercapto pyridine (6.6 mg,
2.0 equiv., 0.66 mmol) in dry CH2Cl2 (2.0 mL) was treated at –20 °C
with BF3·OEt2 (6.4 μL, 0.05 mmol) according to the general method
5.1. After 4 h of stirring, the crude product was purified by silica
gel chromatography (hexane/ethyl acetate, 6:4) to provide com-
pound 59 as an inseparable 2.5:1 mixture of Z/E isomers (16.7 mg,
76 %).
For 48: 1H NMR (500 MHz, CDCl3): δ = 8.33–8.29 (m, 1 H), 7.71 (s, 1
H), 7.36–7.20 (m, 8 H), 7.18–6.88 (m, 13 H), 6.66 (s, 1 H), 6.60 (d, J =
9.4 Hz, 1 H), 6.53 (d, J = 2.4 Hz, 1 H), 4.34–4.28 (m, 3 H), 4.15 (d, J =
12.0 Hz, 1 H), 3.90 (d, J = 11.9 Hz, 1 H), 3.70–3.63 (m, 2 H), 3.53 (d,
J = 15.4 Hz, 1 H), 3.35 (dd, J = 9.8, 6.1 Hz, 1 H), 3.26 (dd, J = 9.8,
4.0 Hz, 1 H) ppm. 13C NMR (126 MHz, CDCl3): δ = 193.1, 156.1, 150.3,
149.0, 144.8, 141.2, 138.1, 137.2, 137.0, 136.2, 129.4, 129.2, 128.9,
128.55, 128.53, 128.48, 128.3, 128.2, 127.98, 127.94, 127.89, 127.83,
127.7, 127.0, 126.5, 122.6, 122.2, 122.0, 119.5, 119.2, 113.7, 111.1,
75.7, 73.5, 72.4, 71.0, 70.6, 21.9 ppm. HRMS (ESI+) calcd. for
[C42H38N2O4S + H]+ 667.26250, found 667.26116.
5. Reactions of Ferrier-Nicholas Glycoside 15a under Acid Catal-
ysis in the Absence of External Nucleophiles
5.1. General Method Mediated by InBr3: A solution of the cobalt
complex 15a (61 mg, 0.068 mmol) in dry CH2Cl2 (3 mL) under an
argon atmosphere was treated with InBr3 (24.1 mg, 0.068 mmol,
1.0 equiv.). The mixture was stirred until no further progress was
revealed by TLC analysis (1 h). The mixture was then diluted with
CH2Cl2, and quenched with saturated aqueous NaHCO3. The layers
were separated, and the combined organic layers were washed with
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brine, dried with Na2SO4, filtered, and concentrated in vacuo. Purifi-
cation by silica gel chromatography (hexane/ethyl acetate, 95:5 to
8:2) provided open-chain derivative 52a (27.7 mg, 49 %) along with
bicyclic derivative 53 (13 mg, 31 %).
5.2. General Method Mediated by BF3·OEt2: A solution of the
cobalt complex 15a (60 mg, 0.066 mmol) in dry CH2Cl2 (4 mL) was
cooled to –20 °C under an argon atmosphere and treated with
BF3·OEt2 (16.8 μL, 0.133 mmol, 2.0 equiv.). The reaction mixture was
stirred until no further progress was revealed by TLC analysis (15 h),
then diluted with CH2Cl2, and quenched with saturated aqueous
NaHCO3. The layers were separated, and the combined organic lay-
ers were washed with brine, dried with Na2SO4, filtered, and con-
centrated in vacuo. Purification by silica gel chromatography (hex-
ane/ethyl acetate, 95:5 to 8:2) provided open-chain derivatives 52a
(15.4 mg, 10 %) and 54 (6 mg, 14 %), along with bicyclic derivative
53 (16.3 mg, 39 %).
In a different experiment 15a (60 mg, 0.066 mmol) was submitted
to the same procedure but the reaction was carried out in the pres-
ence of 4 Å molecular sieves. After purification by flash chromatog-
raphy, derivatives 52a (4 mg, 6 %), 53 (14 mg, 34 %) and 54 (11 mg,
27 %) could be obtained.
Finally, when the reaction of 15a (60 mg, 0.066 mmol) was carried
out in the presence of H2O (4.8 μL, 0.264 mmol, 4.0 equiv.), com-
pounds 52a (5 mg, 9 %), 53 (19.6 mg, 48 %) and 54 (8.5 mg, 20 %)
could be obtained.
For 52a: 1H NMR (400 MHz, CDCl3): δ = 7.46–7.42 (m, 2Hr), 7.36–
7.27 (m, 13 H), 7.25–7.22 (m, 3 H), 7.17–7.13 (m, 2 H), 6.33 (s, 1 H),
6.17 (s, 1 H), 5.05 (d, J = 2.9 Hz, 1 H), 4.56 (d, J = 11.4 Hz, 1 H), 4.52–
4.50 (m, 2 H), 4.52–4.42 (m, 2 H), 4.39 (d, J = 11.2 Hz, 1 H), 4.05 (dtd,
J = 8.2, 5.8, 3.2 Hz, 1 H), 3.83 (dd, J = 8.0, 2.9 Hz, 1 H), 3.64 (dd, J =
9.7, 3.2 Hz, 1 H), 3.55 (dd, J = 9.7, 5.1 Hz, 1 H), 2.81 (d, J = 6.2 Hz, 1
H) ppm. 13C NMR (101 MHz, CDCl3): δ = 198.34, 194.3, 144.7, 138.2,
137.9, 137.7, 136.8, 130.0, 129.4, 129.1, 128.7, 128.6, 128.5, 128.4,
128.2, 128.08, 128.06, 127.9, 127.8, 92.1, 85.4, 79.8, 76.6, 74.4, 73.5,
72.6, 71.2, 70.2 ppm. HRMS (ESI+) calcd. for [C42H34Co2O11 + H]+
833.0838, found 833.0820.
For 53: 1H NMR (400 MHz, CDCl3): δ = 7.67–7.62 (m, 2 H), 7.44–7.29
(m, 8 H), 4.86–4.83 (m, 2 H), 4.81 (d, J = 1.8 Hz, 1 H), 4.71 (d, J =
12.6 Hz, 1 H), 4.67 (d, J = 12.6 Hz, 1 H), 4.03 (dd, J = 7.5, 5.5 Hz, 1
H), 3.92 (dd, J = 7.5, 1.0 Hz, 1 H), 3.65 (ddd, J = 5.2, 3.2, 1.7 Hz, 1
H), 2.81 (ddt, J = 15.1, 5.4, 2.0 Hz, 1 H), 2.55 (dd, J = 15.3, 3.0 Hz, 1
H, 3-H) ppm. 13C NMR (101 MHz, CDCl3): δ = 199.4, 143.1, 138.5,
137.6, 130.6, 128.9, 128.6, 128.0, 127.9, 127.7, 111.8, 109.3, 90.9, 89.8,
77.4, 76.3, 70.4, 67.6, 32.9 ppm. HRMS (ESI+) calcd. for [C42H34Co2O11
+ H]+ 618.9844, found 618.9845.
For 54: 1H NMR (300 MHz, CDCl3): δ = 7.54–7.44 (m, 3 H), 7.40–7.28
(m, 7 H), 6.03 (s, 1 H), 5.94 (s, 1 H), 4.64 (d, J = 11.4 Hz, 1 H), 4.53
(d, J = 11.5 Hz, 1 H), 3.85–3.67 (m, 3 H), 3.65–3.54 (m, 1 H), 3.25 (s,
1 H), 2.88–2.73 (m, 2 H), 2.17 (s, 1 H) ppm. HRMS (ESI+) calcd. for
[C28H22Co2O10 + Na]+ 658.9775, found 658.9855.
6. Reactions of Ferrier-Nicholas Glycoside 15a with Hetero-
arenes and Thiols under Lewis Acid Catalysis
6.1 General Method Mediated by InBr3: A solution of the corre-
sponding cobalt complex 15 and the appropriate nucleophile (ind-
ole or thiophenol, 2.2 equiv.) in anhydrous CH2Cl2 (50 mL/mmol)
and in the presence of molecular sieves was treated at room tem-
perature with InBr3 (1.0 equiv.). The mixture was stirred till no fur-
ther progress was observed by TLC, and then quenched with satu-
rated aqueous NaHCO3. The layers were separated, the aqueous
layer was extracted with CH2Cl2, the combined organic layers were
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washed with brine, dried with Na2SO4, filtered, and concentrated in
vacuo. The residue was then purified by flash chromatography.
6.2. General Method Mediated by BF3·OEt2: A solution of the
corresponding cobalt complex 15 and the appropriate nucleophile
(indole or thiophenol, 2.5 equiv.) in anhydrous CH2Cl2 (50 mL/mmol)
was cooled to the selected temperature and then treated with
BF3·OEt2 (1.0–4.0 equiv.). The mixture was stirred until no further
progress was revealed by TLC analysis. The mixture was then diluted
with CH2Cl2, and quenched with saturated aqueous NaHCO3. The
layers were separated, and the combined organic layers were
washed with brine, dried with Na2SO4, filtered, and concentrated in
vacuo. Purification was then carried out by silica gel chromatogra-
phy (hexane/ethyl acetate).
Reaction of 15a with Indole and BF3·OEt2: A solution of 15a
(67 mg, 0.072 mmol) and indole (34.4 mg, 4.0 equiv., 0.296 mmol)
in dry CH2Cl2 (3.7 mL) was treated at –20 °C with BF3·OEt2 (38 μL,
0.296 mmol) according to the general method 6.2. After 24 h of
stirring, the crude material was purified by silica gel chromatogra-
phy (hexane/ethyl acetate, 98:2) to provide unreacted 15a (12.3 mg,
18 %) along with indole-containing derivative 62a-α (24 mg, 35 %,
52 % corrected yield based on recovered 15a).
In a different experiment, compound 15a (64 mg, 0.071 mmol) was
submitted to the same procedure but with larger excess of indole
(87.5 mg, 0.49 mmol) and BF3·OEt2 (92.0 μL, 0.71 mmol) and longer
reaction time (48 h). After purification by flash chromatography de-
rivative 62a-α (15 mg, 23 %) could be obtained.
Reaction of 15a with Indole and InBr3: A solution of 15a (85 mg,
0.093 mmol) and indole (24.0 mg, 2.2 equiv., 0.20 mmol) in dry
CH2Cl2 (5 mL) was treated with InBr3 (33 mg, 0.093 mmol) according
to the General Method 6.1. After 15 min of stirring and work-up, the
crude material was purified by silica gel chromatography (hexane/
ethyl acetate, 98:2 to 9:1) to provide 62a-α (20.7 mg, 24 %), 62a-
(16.5 mg, 18 %) and open-chain derivative 52a (15.6 mg, 20 %).
In a different experiment, compound 15a (65 mg, 0.072 mmol) was
submitted to the same procedure with indole (18.7 mg, 0.16 mmol)
but with a larger amount of InBr3 (50.3 mg, 0.14 mmol) and longer
reaction time (6 h). After purification by flash chromatography (hex-
ane/ethyl acetate, 98:2 to 9:1) derivatives 62α (16.0 mg, 24 %), 62
(11.1 mg, 16 %) and open-chain derivative 52a (5.9 mg, 10 %) were
isolated.
For 62a-α: 1H NMR (400 MHz, CDCl3): δ = 8.08 (s, 1 H), 7.85 (s, 1 H),
7.44 (d, J = 8.1 Hz, 1 H), 7.40–7.28 (m, 13 H), 7.21–6.90 (m, 9 H),
7.07–6.91 (m, 6 H), 6.88 (s, 1 H), 6.64 (s, 1 H), 4.65–4.57 (m, 2 H),
4.50–4.41 (m, 2 H), 4.36 (dt, J = 9.8, 2.3 Hz, 1 H), 4.23 (dd, J = 9.8,
5.4 Hz, 1 H), 4.05 (d, J = 5.4 Hz, 1 H), 3.85–3.75 (m, 2 H), 3.72 (d, J =
16.0 Hz, 1 H), 3.21 (d, J = 16.0 Hz, 1 H) ppm. 13C NMR (101 MHz,
CDCl3): δ = 199.7, 143.4, 138.9, 138.6, 138.3, 136.7, 136.5, 129.9,
128.4, 128.34, 128.27, 127.84, 127.76, 127.70, 127.6, 127.5, 124.25,
122.1, 122.0, 121.9, 120.0, 119.5, 119.3, 114.6, 114.4, 113.8, 111.4,
111.0, 93.1, 85.4, 74.9, 73.8, 73.6, 72.4, 69.6, 36.5, 28.0 ppm. HRMS
(ESI+) calcd. for [C51H38Co2N2O9 + NH4]+ 958.1580, found 958.1586.
For 62a-: 1H NMR (400 MHz, CDCl3): δ = 7.91 (s, 1 H), 7.82 (s, 1 H),
7.67 (d, J = 8.0 Hz, 1 H), 7.48–7.28 (m, 11 H), 7.19–6.99 (m, 8 H),
6.92 (t, J = 6.8 Hz, 2 H), 6.73 (s, 1 H), 6.69 (s, 1 H), 4.71 (d, J = 11.9 Hz,
1 H), 4.56 (d, J = 12.0 Hz, 1 H), 4.41–4.25 (m, 2 H), 4.12 (d, J = 7.2 Hz,
1 H), 4.07–3.98 (m, 3 H), 3.94 (dd, J = 11.0, 1.9 Hz, 1 H), 3.67 (d, J =
8.3 Hz, 1 H), 3.56 (d, J = 15.7 Hz, 1 H), 2.93 (d, J = 15.7 Hz, 1 H)
ppm. HRMS (ESI+) calcd. for [C51H38Co2N2O9 + NH4]+ 958.1580,
found 958.1570.
Reaction of 15c with Indole and InBr3: A solution of 15c (78 mg,
0.087 mmol) and indole (22.0 mg, 2.2 equiv., 0.19 mmol) in dry
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CH2Cl2 (6 mL) was treated with InBr3 (31 mg, 0.087 mmol) according
to the General Method 6.1. After 15 min of stirring and work-up, the
crude material was purified by silica gel chromatography (hexane/
ethyl acetate, 9:1) to provide 62c-α (15.5 mg, 19 %), 62c- (15.0 mg,
18 %) and open-chain derivative 52c (27.3 mg, 38 %).
For 62c-α: 1H NMR (400 MHz, CDCl3): δ = 8.05 (s, 1 H), 7.89 (s, 1 H),
7.41–7.27 (m, 9 H), 7.22–7.07 (m, 5 H), 7.04–6.92 (m, 4 H), 6.83 (d,
J = 2.4 Hz, 1 H), 6.69 (s, 1 H), 4.60–4.55 (m, 2 H), 4.43 (d, J = 11.9 Hz,
1 H), 4.40 (d, J = 11.5 Hz, 1 H), 4.31 (dt, J = 9.9, 2.3 Hz, 1 H), 4.14
(dd, J = 9.9, 5.4 Hz, 1 H), 4.09 (dd, J = 15.7, 1.5 Hz, 1 H), 3.97 (d, J =
5.4 Hz, 1 H), 3.81 (dd, J = 10.5, 2.0 Hz, 1 H), 3.76 (dd, J = 10.5, 2.9 Hz,
1 H), 3.38 (d, J = 15.7 Hz, 1 H), 0.16 (s, 9 H, -TMS) ppm. 13C NMR
(101 MHz, CDCl3): δ = 200.7, 143.0, 138.8, 138.2, 136.7, 136.4, 128.5,
128.3, 128.23, 128.21, 127.83, 127.76, 127.6, 127.5, 124.2, 122.3,
122.1, 121.9, 119.9, 119.5, 119.42, 119.37, 114.5, 113.9, 113. 1, 111.3,
111.1, 96.7, 79.7, 74.7, 73.8, 73.4, 72.4, 69.3, 35.9, 28.1, 1.3 ppm.
HRMS (ESI+) calcd. for [C48H42Co2N2O9Si + NH4]+ = 954.16618, found
954.16766.
For 62c-: 1H NMR (400 MHz, CDCl3): δ = 7.90 (s, 1 H), 7.84 (s, 1 H),
7.48 (d, J = 7.7 Hz, 1 H), 7.39 (dt, J = 8.1, 0.9 Hz, 1 H), 7.33–7.26 (m,
5 H), 7.25–7.17 (m, 3 H), 7.15–7.07 (m, 4 H), 7.03 (ddd, J = 8.0, 7.0,
1.0 Hz, 1 H), 6.95 (ddd, J = 7.9, 7.0, 1.0 Hz, 1 H), 6.91–6.85 (m, 2 H),
6.71 (d, J = 2.3 Hz, 1 H), 6.68 (t, J = 1.7 Hz, 1 H), 4.65 (d, J = 11.9 Hz,
1 H), 4.52 (d, J = 11.9 Hz, 1 H), 4.30–4.20 (m, 2 H), 4.06–3.93 (m, 4
H), 3.91 (dd, J = 10.8, 2.1 Hz, 1 H), 3.63 (d, J = 8.1 Hz, 1 H), 3.13 (d,
J = 15.4 Hz, 1 H), 0.20 (s, 9 H, -TMS) ppm. 13C NMR (101 MHz, CDCl3):
δ = 200.6, 144.5, 138.6, 138.3, 136.8, 136.5, 129.2, 128.4, 128.2, 128.1,
127.9, 127.5, 126.3, 124.1, 122.5, 122.1, 121.9, 119.8, 119.6, 119.4,
119.0, 116.2, 115.6, 113.4, 111.3, 111.0, 96.3, 79.4, 77.4, 74.4, 73.8,
69.2, 43.0, 27.1, 1.3 (-TMS) ppm. HRMS (ESI+) calcd. for
[C48H42Co2N2O9Si + NH4]+ = 954.16618, found 954.16727.
For 52c: 1H NMR (400 MHz, CDCl3): δ = 7.37–7.22 (m, 10 H), 7.27–
7.19 (m, 3 H), 7.19–7.11 (m, 2 H), 6.45 (s, 1 H), 6.42 (s, 1 H), 4.99 (d,
J = 2.9 Hz, 1 H), 4.55 (d, J = 11.4 Hz, 1 H), 4.50–4.39 (m, 4 H), 4.34
(d, J = 11.3 Hz, 1 H), 4.01 (q, J = 7.9, 5.5 Hz, 1 H), 3.78 (dd, J = 7.9,
3.0 Hz, 1 H), 3.60 (dd, J = 9.7, 3.2 Hz, 1 H), 3.51 (dd, J = 9.7, 5.2 Hz,
1 H), 2.79 (d, J = 6.1 Hz, 1 H), 0.37 (s, 9 H, -TMS) ppm. 13C NMR
(101 MHz, CDCl3): δ = 199.2, 193.1, 145.3, 138.2, 138.0, 137.7, 128.6,
128.5, 128.40, 128.35, 128.2, 128.06, 128.03, 128.01, 127.82, 127.80,
97.2, 80.4, 79.7, 76.6, 74.4, 73.5, 72.4, 71.2, 70.2, 1.3 ppm. HRMS
(ESI+) calcd. for [C39H38Co2O11Si + H]+ = 829.09201, found
829.08942.
Reaction of 15a with Pyrrole and InBr3: A solution of 15a (63 mg,
0.07 mmol) and pyrrole (10.6 μL, 0.15 mmol) in dry CH2Cl2 (3.5 mL)
was treated with InBr3 (25 mg, 0.07 mmol) according to the General
Method 6.1. After 60 min of stirring and work-up, the crude material
was purified by silica gel chromatography (hexane/ethyl acetate,
95:5) to provide 63-α (2.1 mg, 4 %), 63- (16.4 mg, 28 %) and open-
chain derivative 52a (28.3 mg, 50 %).
For 63-α: 1H NMR (500 MHz, CDCl3): δ = 8.02 (s, 1 H), 7.42 (s, 1 H),
7.39–7.35 (m, 2 H), 7.34–7.28 (m, 9 H), 7.24–7.19 (m, 4 H), 6.63 (q,
J = 2.3 Hz, 1 H), 6.53 (q, J = 2.4 Hz, 1 H), 6.12 (p, J = 2.9 Hz, 1 H),
6.07 (q, J = 2.9 Hz, 1 H), 5.86 (d, J = 3.6 Hz, 1 H), 5.71 (d, J = 3.6 Hz,
1 H), 4.67 (d, J = 11.6 Hz, 1 H), 4.65–4.59 (m, 2 H), 4.47 (d, J =
11.8 Hz, 1 H), 4.16 (dt, J = 9.3, 2.5 Hz, 1 H), 4.12 (dd, J = 9.3, 4.8 Hz,
1 H), 3.81 (dd, J = 10.7, 2.9 Hz, 1 H), 3.76 (dd, J = 10.7, 2.2 Hz, 1 H),
3.63 (d, J = 4.8 Hz, 1 H), 3.58 (d, J = 16.0 Hz, 1 H), 3.12 (d, J =
16.0 Hz, 1 H) ppm. 13C NMR (126 MHz, CDCl3): δ = 199.5, 145.7,
138.3, 138.1, 131.4, 129.8, 128.8, 128.6, 128.50, 128.47, 128.4, 128.2,
127.9, 127.8, 127.7, 116.8, 116.4, 114.3, 108.9, 108.5, 106.5, 106.3,
91.9, 83.9, 79.5, 79.0, 74.1, 73.9, 69.1, 44.0, 29.4 ppm. HRMS (ESI+)
calcd. for [C43H34Co2N2O9 + H]+ = 841.10011, found 841.10014.
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For 63-: 1H NMR (500 MHz, CDCl3): δ = 7.97 (s, 1 H), 7.56–7.52 (m,
1 H), 7.44–7.38 (m, 2 H), 7.36–7.25 (m, 7 H), 7.26–7.20 (m, 4 H), 7.10–
7.03 (m, 2 H), 6.64 (td, J = 2.7, 1.5 Hz, 1 H), 6.44 (td, J = 2.7, 1.5 Hz,
1 H), 6.19 (dt, J = 3.4, 2.7 Hz, 1 H), 6.04–5.99 (m, 2 H), 5.76–5.70 (m,
1 H), 4.59 (d, J = 11.9 Hz, 1 H), 4.50 (d, J = 11.9 Hz, 1 H), 4.46 (d, J =
10.7 Hz, 1 H), 4.14 (d, J = 10.7 Hz, 1 H), 4.07 (dd, J = 9.0, 7.6 Hz, 1
H), 4.01 (dt, J = 9.0, 2.8 Hz, 1 H), 3.91 (dd, J = 10.8, 3.3 Hz, 1 H), 3.80
(dd, J = 10.8, 2.4 Hz, 1 H), 3.58 (d, J = 15.6 Hz, 1 H), 3.50 (d, J =
7.6 Hz, 1 H), 3.00 (dd, J = 15.5, 1.1 Hz, 1 H) ppm. 13C NMR (126 MHz,
CDCl3): δ = 199.5, 145.7, 138.3, 138.1, 131.4, 129.8, 128.8, 128.6,
128.50, 128.47, 128.4, 128.2, 127.9, 127.8, 127.7, 116.8, 116.4, 114.3,
108.9, 108.5, 106.5, 106.3, 91.9, 83.9, 79.5, 79.0, 74.1, 73.9, 69.1, 44.0,
29.4 ppm. HRMS (ESI+) calcd. for [C43H34Co2N2O9 + H]+ = 841.10153,
found 841.10011.
Reaction of 15c with N-Methylindole and InBr3: A solution of 15c
(58 mg, 0.07 mmol) and N-methylindole (17.8 μL, 0.14 mmol) in dry
CH2Cl2 (3.5 mL) was treated with InBr3 (23 mg, 0.07 mmol) accord-
ing to the general method 6.1. After 24 h of stirring and work-up,
the crude material was purified by silica gel chromatography (hex-
ane/ethyl acetate, 95:5) to provide 64-α (35 mg, 56 %), 64-
(7.4 mg, 12 %) and open-chain derivative 52c (5.3 mg, 10 %).
For 64-α: 1H NMR (500 MHz, CDCl3): δ = 7.35 (d, J = 8.0 Hz, 1 H),
7.34–7.26 (m, 7 H), 7.26–7.06 (m, 6 H), 7.02–6.93 (m, 4 H), 6.65 (s, 1
H), 6.49 (s, 1 H), 4.60–4.55 (m, 2 H), 4.44 (d, J = 11.9 Hz, 1 H), 4.40
(d, J = 11.4 Hz, 1 H), 4.30 (dt, J = 10.0, 2.3 Hz, 1 H), 4.11 (dd, J =
10.0, 5.4 Hz, 1 H), 4.02 (dd, J = 15.7, 1.4 Hz, 1 H), 3.94 (d, J = 5.4 Hz,
1 H), 3.82 (dd, J = 10.5, 1.9 Hz, 1 H), 3.75 (dd, J = 10.5, 3.1 Hz, 1 H),
3.68 (s, 3 H), 3.65 (s, 3 H), 3.38 (d, J = 15.7 Hz, 1 H), 0.15 (s, 9 H)
ppm. 13C NMR (126 MHz, CDCl3): δ = 200.8, 142.6, 138.8, 138.2,
137.4, 137.1, 129.0, 128.9, 128.33, 128.32, 128.23, 128.19, 127.8,
127.6, 127.5, 127.2, 121.6, 121.4, 119.9, 119.6, 118.8, 118.7, 113.6,
112.8, 112.1, 109.3, 109.1, 96.8, 79.7, 74.7, 73.7, 73.4, 72.3, 69.4, 35.9,
32.9, 32.7, 28.1, 1.4 ppm. HRMS (ESI+) calcd. for [C50H46Co2N2O9Si +
NH4]+ = 982.19751, found 982.1980.
Reaction of 15a with Thiophenol and BF3·OEt2: A solution of 15a
(62.5 mg, 0.069 mmol) and thiophenol (18.2 μL, 2.5 equiv.,
0.173 mmol) in dry CH2Cl2 (3.5 mL) was treated at –78 °C with
BF3·OEt2 (17.5 μL, 0.138 mmol) according to the General Method 6.2.
After 2 h of stirring, the crude material was purified by silica gel
chromatography (hexane/ethyl acetate, 98:2) to provide unreacted
15a (26.6 mg, 43 %) along with thiophenol containing derivative
65a-α (18.5 mg, 29 %, 72 % corrected yield, based on recovered
15a).
In a different experiment, compound 15a (71 mg, 0.078 mmol) was
submitted to the same procedure but at –20 °C. After 1 h of reac-
tion, work-up and purification by flash chromatography, derivative
65a-α (55.2 mg, 76 %) could be obtained.
For 65a-α: 1H NMR (400 MHz, CDCl3): δ = 7.54–7.50 (m, 2 H), 7.42–
7.38 (m, 2 H), 7.32–7.28 (m, 4 H), 7.25–7.12 (m, 9 H), 7.05–7.01 (m,
2 H), 6.95–6.91 (m, 2 H), 4.59 (d, J = 12.0 Hz, 1 H), 4.49–4.42 (m, 2
H), 4.39 (ddd, J = 10.1, 3.0, 1.8 Hz, 1 H), 4.26 (d, J = 11.0 Hz, 1 H),
4.22 (dd, J = 10.1, 4.4 Hz, 1 H), 4.13 (d, J = 11.0 Hz, 1 H), 4.08 (d, J =
12.2 Hz, 1 H), 3.95 (dd, J = 10.7, 3.0 Hz, 1 H), 3.88 (d, J = 12.2 Hz, 1
H), 3.82 (dd, J = 10.7, 1.8 Hz, 1 H) ppm. 13C NMR (101 MHz, CDCl3):
δ = 199.1, 148.1, 138.5, 138.2, 137.7, 136.9, 136.0, 134.3, 133.3, 130.0,
129.6, 129.4, 129.0, 128.9, 128.8, 128.4, 128.3, 128.1, 127.9, 127.7,
127.6, 127.4, 126.2, 106.5, 94.6, 75.0, 73.7, 72.4, 68.9, 50.3, 36.2 ppm.
HRMS (ESI+) calcd. for [C47H36Co2O9S2 + H]+ = 927.0538, found
927.0521.
Reaction of 15c with Thiophenol and BF3·OEt2: A solution of 15c
(50.4 mg, 0.056 mmol) and thiophenol (19.7 μL, 2.5 equiv.,
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0.14 mmol) in dry CH2Cl2 (3.5 mL) was treated at –20 °C with
BF3·OEt2 (14 μL, 0.112 mmol) according to the General Method 6.2.
After 2 h of stirring, the crude material was purified by silica gel
chromatography (hexane/ethyl acetate, 95:5) to provide 65c-α
(36.6 mg, 71 %).
For 65c-α: 1H NMR (500 MHz, CDCl3): δ = 7.39–7.30 (m, 4 H), 7.26–
7.18 (m, 6 H), 7.20–7.07 (m, 8 H), 6.90–6.85 (m, 2 H), 4.53 (d, J =
11.7 Hz, 1 H), 4.48–4.43 (m, 2 H), 4.40 (d, J = 11.8 Hz, 1 H), 4.30 (dt,
J = 10.2, 2.3 Hz, 1 H), 4.18 (d, J = 10.9 Hz, 1 H), 4.10–4.04 (m, 2 H),
3.98 (d, J = 12.6 Hz, 1 H), 3.88 (dd, J = 10.6, 2.8 Hz, 1 H), 3.78 (dd,
J = 10.6, 1.9 Hz, 1 H), 0.35 (s, 9 H) ppm. 13C NMR (126 MHz, CDCl3):
δ = 200.0, 148.0, 138.4, 137.8, 137.0, 136.0, 133.4, 130.0, 129.2, 129.0,
128.38, 128.2, 128.1, 127.8, 127.7, 127.59, 127.4, 126.5, 106.5, 93.9,
80.4, 75.0, 73.5, 72.3, 68.6, 49.8, 36.4, 1.4 ppm. HRMS (ESI+) calcd.
for [C44H40Co2S2O9Si + H]+ = 923.0620, found 923.0558.
Reaction of 15a with Thiophenol and InBr3: A solution of 15a
(69 mg, 0.076 mmol) and thiophenol (17.0 μL, 2.2 equiv.,
0.167 mmol) in dry CH2Cl2 (5 mL) was treated with InBr3 (27 mg,
0.076 mmol) according to the General Method 6.1. After 30 min of
stirring and work-up, the crude material was purified by silica gel
chromatography (hexane/ethyl acetate, 98:2 to 95:5) to provide an
1.7:1 inseparable mixture of 65a-α and 65a- (37.2 mg, 42 %).
Decomplexation of Cobalt Complexed Enynes 65: A solution of
the cobalt complex derivative 65 (55 mg, 0.06 mmol) in THF (6 mL)
was treated with tetrabutylammonium fluoride trihydrate (TBAF)
(17.2 mg, 0.07 mmol, 1.1 equiv.). The reaction mixture was stirred
for 2 h and subsequently diluted with Et2O and washed with water.
The combined organic layers were dried and concentrated. The resi-
due was purified by silica column chromatography (hexane/ethyl
acetate, 9:1) to provide a pure sample of 66-α. The C-3 epimeric
derivative 66-, although detected, could not be isolated in pure
form.
For 66-α: 1H NMR (500 MHz, CDCl3): δ = 7.52–7.48 (m, 2 H), 7.46–
7.42 (m, 2 H), 7.42–7.39 (m, 2 H), 7.37–7.28 (m, 8 H), 7.25–7.17 (m,
9 H), 6.91–6.87 (m, 2 H), 4.61 (d, J = 12.1 Hz, 1 H), 4.53 (d, J =
12.1 Hz, 1 H), 4.49 (d, J = 4.3 Hz, 1 H), 4.34 (d, J = 13.7 Hz, 1 H), 4.29
(ddd, J = 10.0, 3.4, 2.4 Hz, 1 H), 4.16 (d, J = 11.2 Hz, 1 H), 4.10 (d,
J = 11.2 Hz, 1 H), 3.99 (dd, J = 13.7, 0.7 Hz, 1 H), 3.88 (dd, J = 10.0,
4.3 Hz, 1 H), 3.85–3.83 (m, 2 H) ppm. 13C NMR (126 MHz, CDCl3):
δ = 138.3, 137.5, 136.4, 136.3, 135.2, 133.2, 131.91, 131.88, 129.12,
129.08, 129.00, 128.49, 128.45, 128.3, 128.1, 127.9, 127.8, 127.7,
127.5, 127.1, 122.1, 113.5, 93.2, 82.5, 74.9, 73.7, 73.3, 72.2, 68.6, 48.8,
37.0 ppm. HRMS (ESI+) calcd. for [C41H38S2O3 + NH4]+ = 658.24441,
found 658.24597.
Acknowledgments
Financial support from Ministerio de Economia y Competitivi-
dad (MINECO, Spain), grant CTQ2015-66702-R (MINECO/FEDER),
is gratefully acknowledged. Silvia Miranda thanks the Ministerio
de Economia y Competitividad for a predoctoral fellowship.
Keywords: Ferrier reaction · Glycals · Nicholas reaction ·
Synthesis design · Molecular diversity
[1] R. J. Ferrier, W. G. Overend, A. E. Ryan, J. Chem. Soc. 1962, 3667–3670.
[2] R. J. Ferrier, J. Chem. Soc. 1964, 5443–5449.
[3] The term Ferrier (I) reaction is sometimes used to differentiate this proc-
ess from the transformation of hex-5-enopyranosyl derivatives into func-
tionalized cyclohexanones, currently termed Ferrier carbocyclization, or
Eur. J. Org. Chem. 2018, 5355–5374 www.eurjoc.org © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5372
the Ferrier (II) reaction: a) R. J. Ferrier, J. Chem. Soc., Perkin Trans. 1 1979,
1455–1458; b) R. J. Ferrier, S. Middleton, Chem. Rev. 1993, 93, 2779–2831.
[4] a) R. J. Ferrier, J. O. Hoberg, Adv. Carbohydr. Chem. Biochem. 2003, 58,
55–119; b) R. J. Ferrier, O. A. Zubkov, Org. React. 2003, 62, 569–736; c)
R. J. Ferrier, Top. Curr. Chem. 2001, 215, 153–175.
[5] a) A. M. Gómez, S. Miranda, J. C. Lopez, J. Carbohydr. Chem. 2017, 42,
210–247; b) A. M. Gómez, F. Lobo, C. Uriel, J. C. Lopez, Eur. J. Org. Chem.
2013, 7221–7262; c) A. A. Ansari, R. Lahiri, Y. D. Vankar, ARKIVOC 2013,
2, 316–362.
[6] a) B. Fraser-Reid, Acc. Chem. Res. 1975, 8, 192–201; b) B. Fraser-Reid, J. C.
Lopez, Curr. Org. Chem. 2009, 13, 532–553.
[7] a) K. Heyns, R. Hohlweg, Chem. Ber. 1978, 111, 1632–1645; b) M. Takhi,
A. A.-H. Abdel-Rahman, R. R. Schmidt, Tetrahedron Lett. 2001, 42, 4053–
4056; c) M. Takhi, A. A.-H. Abdel-Rahman, R. R. Schmidt, Synlett 2001,
427–429; d) A. A.-H. Abdel-Rahman, M. Takhi, E. S. H. El Ashry, R. R.
Schmidt, J. Carbohydr. Chem. 2002, 21, 113–122; e) C. R. Reddy, Y. S. Rao,
T. P. Kumar, K. V. Reddy, S. Chandrasekhar, Synthesis 2008, 122–126.
[8] Recent examples have focused on the use of gold salts as catalysts, see:
a) N. Huang, H. Liao, H. Yao, T. Xie, S. Zhang, K. Zou, X.-W. Liu, Org. Lett.
2018, 20, 16–19; b) H. Liao, W.-L. Leng, K. L. M. Hoang, H. Yao, J. He,
A. Y. H. Voo, X.-W. Liu, Chem. Sci. 2017, 8, 6656–6661; c) S. Hosseyni, C. A.
Smith, X. Shi, Org. Lett. 2016, 18, 6336–6339; d) R. Roy, P. Rajasekaran, A.
Mallick, Y. D. Vankar, Eur. J. Org. Chem. 2014, 5564–5573.
[9] a) J. Zeng, J. Ma, S. Xiang, S. Cai, X.-W. Liu, Angew. Chem. Int. Ed. 2013,
52, 5134–5137; Angew. Chem. 2013, 125, 5238–5241; b) S. Xiang, Z. Lu,
J. He, K. L. M. Hoang, J. Zeng, X.-W. Liu, Chem. Eur. J. 2013, 19, 14047–
14051; c) S. Xiang, J. He, Y. J. Tan, X.-W. Liu, J. Org. Chem. 2014, 79,
11473–11482; d) K. L. M. Xiang, J. Hoang, Y. J. He, Tan, X.-W. Liu, Angew.
Chem. Int. Ed. 2015, 54, 604–607; Angew. Chem. 2015, 127, 614–617; e)
L. Ji, S.-H. Xiang, W.-L. Leng, K. L. M. Hoang, X.-W. Liu, Org. Lett. 2015, 17,
1357–1360.
[10] T. X. Le, C. Papin, G. Doisneau, J.-M. Beau, Angew. Chem. Int. Ed. 2014,
53, 6184–6187; Angew. Chem. 2014, 126, 6298–6301.
[11] exo-Glycals react as Ferrier-like allylic cations leading stereoselectively to
C-vinyl ketosides, see: a) H.-C. Lin, W.-B. Yang, Y.-F. Gu, C.-Y. Chen, C.-Y.
Wu, C.-H. Lin, Org. Lett. 2003, 5, 1087–1089; b) H.-C. Lin, Y.-B. Chen, Z.-P.
Lin, F. F. Wong, C.-H. Lin, S.-K. Lin, Tetrahedron 2010, 66, 5229–5234; c)
Y.-B. Chen, S.-I. Wang, Z.-P. Lin, C.-H. Lin, M.-T. Hsieh, H.-C. Lin, Tetrahedron
2015, 71, 350–358; d) Y.-B. Chen, S.-H. Liu, M.-T. Hsieh, C.-S. Chang, C.-H.
Lin, C. Y. Chen, P.-Y. Chen, H.-C. Lin, J. Org. Chem. 2016, 81, 3007–3016.
[12] C-Vinyl glycopyranoses also experience Ferrier-like reactions leading to
synthetically useful exo-glycals or ketopyranoses, see: a) P. A. V.
van Hooft, M. A. Leeuwenburgh, H. S. Overkleeft, G. A. van der Marel,
C. A. A. van Boeckel, J. H. van Boom, Tetrahedron Lett. 1998, 39, 6061–
6064; b) M. A. Leeuwenburgh, C. C. M. Appeldoorn, P. A. V. van Hooft,
H. S. Overkleeft, G. A. van der Marel, J. H. van Boom, Eur. J. Org. Chem.
2000, 873–877; c) X. Li, H. Ohtake, H. Takahashi, S. Ikegami, Tetrahedron
2001, 57, 4297–4309; d) J. Xie, F. Durrant, J.-M. Valery, J. Org. Chem. 2003,
68, 7896–7898; e) P. A. V. van Hooft, F. El Oualid, H. S. Overkleeft, G. A.
van der Marel, J. H. van Boom, M. A. Leeuwenburgh, Org. Biomol. Chem.
2004, 2, 1395–1403; f ) T. Yamanoi, Y. Nara, S. Matsuda, Y. Oda, A. Yoshida,
K. Katsuraya, M. Watanabe, Synlett 2007, 785–789; g) S. Matsuda, K. Mat-
sumura, M. Watanabe, T. Yamanoi, Tetrahedron Lett. 2007, 48, 5807–5801;
h) T. Yamamoi, Y. Oda, H. Muraishi, S. Matsuda, Molecules 2008, 13, 1840–
1845; i) S. Matsuda, A. Yoshida, J. Nakagawa, M. Watanabe, Y. Oda, T.
Yamamoi, Tetrahedron Lett. 2014, 55, 6394–6398.
[13] C. Booma, K. K. Balasubramanian, J. Chem. Soc., Chem. Commun. 1993,
1394–1395.
[14] The reverse of regioselectivity of these systems towards “soft” sulfur-
nucleophiles (soft-C2′; hard C1) has been studied: a) P. Nagaraj, N. G.
Ramesh, Tetrahedron 2011, 67, 9322–9328. See also b) J. S. Yadav, G.
Narasimhulu, N. Umadevi, Y. V. Reddy, B. V. S. Reddy, Tetrahedron Lett.
2013, 54, 871–873.
[15] 2-C-Hydroxymethyl-glycal derivatives, have found ample application in
synthesis via their Ferrier-like glycosylation reaction, see: a) C. Booma,
K. K. Balasubramanian, Tetrahedron Lett. 1993, 34, 6757–6760; b) P. Na-
garaj, N. G. Ramesh, Tetrahedron 2010, 66, 599–604; c) S. Chalapala, R.




[16] The rationalization of the observed regioselectivity on the nucleophilic
attack on Ferrier cation 2 (hard-C1; soft C3), by the Hard Soft Acid Base
(HSAB) principle was advanced by Priebe and Zamojski: a) W. Priebe, A.
Zamojski, Tetrahedron 1980, 36, 287–297, see also: b) L. V. Dunkerton,
N. K. Adair, J. M. Euske, K. T. Brady, P. D. Robinson, J. Org. Chem. 1988,
53, 845–850.
[17] Traditionally, 2-C-methylene glycosides are accessed through Wittig
methylenation of the corresponding 2-keto glycosides, see: P. Nagaraj,
N. G. Ramesh, Eur. J. Org. Chem. 2008, 4607–4614.
[18] This type of derivatives, i.e. 7, have hardly been studied in allylic glyc-
osylation processes with alcohols as nucleophiles. The use of hydroper-
oxide nucleophiles have led to allylic anomeric hydroperoxides, and
thence to unsaturated lactones, see: a) H.-J. Hamann, E. Höft, D. Mostow-
icz, A. Mishnev, Z. Urbanczyk-Lipkowska, M. Chimielewski, Tetrahedron
1997, 53, 185–192; b) A. Gupta, Y. D. Vankar, Tetrahedron 2000, 56, 8525–
8531.
[19] The use of “soft” hydride as nucleophile in a Lewis acid-catalyzed reac-
tion of a compound related to 7, led to a C-2-methyl glycal rather than
to the expected 1-deoxy-2-methylene derivative, see: M. Herczeg, L. La-
zar, A. Mandi, A. Borbas, I. Komaromi, A. Liptak, S. Antus, Carbohydr. Res.
2011, 346, 1827–1836.
[20] The Nicholas reaction involves the attack of a nucleophile to a Co2(CO)6-
stabilized propargylic cation, which can be generated by either protic or
Lewis acids. For some reviews, see: a) J. R. Green, Synlett 2012, 23, 1271–
1282; b) N. Kann, Curr. Org. Chem. 2012, 16, 322–344; c) K. M. Shea, In
Name Reactions for Homologations (Ed.: J. J. Li), Wiley, Hoboken, 2009,
part 1 284; d) Z. Wang, Comprehensive Organic Name Reactions and Rea-
gents, John Wiley & Sons, 2010. pp. 2049–2053; e) J. R. Green, Eur. J. Org.
Chem. 2008, 6053–6062; f ) D. D. Diaz, J. M. Betancort, V. S. Martn, Synlett
2007, 343–359; g) B. J. Teobald, Tetrahedron 2002, 58, 4133–4170; h) J. R.
Green, Curr. Org. Chem. 2001, 5, 809–826; i) T. J. J. Müller, Eur. J. Org.
Chem. 2001, 2021–2033; j) K. M. Nicholas, Acc. Chem. Res. 1987, 20, 207–
214.
[21] The application of the Nicholas reaction to sugar acetylenes was pio-
neered by the extensive work of Isobe's group: a) S. Tanaka, T. Tsukiyama,
M. Isobe, Tetrahedron Lett. 1993, 34, 5757–5760; b) S. Tanaka, M. Isobe,
Tetrahedron 1994, 50, 5633–5644; c) M. Isobe, C. Yenjai, S. Tanaka, Synlett
1994, 916–918; d) M. Isobe, Y. Jiang, Tetrahedron Lett. 1995, 36, 567–570;
e) Y. Jiang, M. Isobe, Tetrahedron 1996, 52, 2877–2892; f ) Y. Jiang, Y.
Ichikawa, M. Isobe, Synlett 1995, 285–288; g) Y. Jiang, Y. Ichikawa, M.
Isobe, Tetrahedron 1997, 53, 5103–5122; h) S. Tanaka, N. Tatsuta, O. Yam-
ashita, M. Isobe, Tetrahedron 1994, 50, 12883–12894; i) C. Yenjai, M.
Isobe, Tetrahedron 1998, 54, 2509–2520; j) M. Isobe, R. Nishizawa, S. Hos-
okawa, T. Nishikawa, Chem. Commun. 1998, 2665–2676; k) W.-C. Chang,
M. Isobe, Tetrahedron 2014, 70, 8324–8333; l) P.-K. Tsou, Y.-C. Lee, T.
Lankau, M. Isobe, C.-H. Yu, J. Phys. Org. Chem. 2017, e3780, https://
doi.org/10.1002/poc.3780.
[22] For further applications of the Nicholas reaction to carbohydrate sub-
strates, see: a) J. Désiré, A. Veyrières, Carbohydr. Res. 1995, 268, 177–186;
b) H. Streicher, A. Geyer, R. R. Schmidt, Chem. Eur. J. 1996, 2, 502–510; c)
C. Mukai, T. Itoh, M. Hanaoka, Tetrahedron Lett. 1997, 38, 4595–4598; d)
A. Deleuze, C. Menozzi, M. Sollogoub, P. Sinaÿ, Angew. Chem. Int. Ed.
2004, 43, 6680–6683; Angew. Chem. 2004, 116, 6848–6851; e) A. Bergh,
H. Leffler, A. Sundin, U. J. Nilsson, N. Kann, Tetrahedron 2006, 62, 8309–
8317; f ) J. Sardinha, S. Guieu, A. Deleuze, M. C. Fernandez-Alonso, A. P.
Rauter, P. Sinaÿ, J. Marrot, J. Jimenez-Barbero, M. Sollogoub, Carbohydr.
Res. 2007, 342, 1689–1703.
[23] We coined the term “Ferrier-Nicholas cations” to describe pyranosidic
allylic oxycarbenium ions which enjoy further stabilization owing to an
adjacent alkynyl hexacarbonyldicobalt substituent, see: a) S. Miranda, F.
Lobo, A. M. Gomez, J. C. Lopez, Eur. J. Org. Chem. 2017, 2501–2511; b) F.
Lobo, A. M. Gomez, S. Miranda, J. C. Lopez, Chem. Eur. J. 2014, 20, 10492–
10502.
[24] P. Nagaraj, M. Ganesan, N. G. Ramesh, Tetrahedron 2011, 67, 769–776.
[25] A pure sample of branched compound 25 (11 % yield) could be ob-
tained in the reaction of 20a with phenyl acetylide (without treatment
with TMSCl), upon purification of the reaction crude by flash chromatog-
raphy on silica gel deactivated with hexane-Et3N (1 %).
[26] S. Nomiyama, T. Hondo, T. Tsuchimoto, Adv. Synth. Catal. 2016, 358,
1136–1149, and references therein.
Eur. J. Org. Chem. 2018, 5355–5374 www.eurjoc.org © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5373
[27] The formation of indole dimers, which could be isolated, was observed
thus undermining the desired C-glycosylation reaction.
[28] The acid-mediated syntheses of C-glycosyl heteroaromatics (e.g. furan,
pyrrole, indole derivatives) suffered from limitations related to their
tendency to polymerization. In this context, Yadav and co-workers rec-
ommended the use of indium salts, e.g. InCl3, to minimizing the polym-
erization process: a) J. S. Yadav, B. V. S. Reddy, J. V. Raman, N. Niranjan,
S. K. Kumarb, A. C. Kunwar, Tetrahedron Lett. 2002, 43, 2095–2098; b) J. S.
Yadav, A. Antony, J. George, B. V. S. Reddy, Eur. J. Org. Chem. 2010, 591–
605.
[29] G. Bhaskar, C. Saikumar, P. T. Perumal, Tetrahedron Lett. 2010, 51, 3141–
3145.
[30] T. Tsuchimoto, M. Kanbara, Org. Lett. 2011, 13, 912–915.
[31] For indium(III) reagents-mediated Friedel–Crafts alkenylation, see: T. Ot-
ani, S. Kunimatsu, H. Nihei, Y. Abe, T. Saito, Org. Lett. 2007, 9, 5513–5516.
[32] For two recent reviews on the alkenylation of heteroarenes with alkynes,
see: a) V. P. Boyarskiy, D. S. Ryabukhin, N. A. Bokach, A. V. Vasilyev, Chem.
Rev. 2016, 116, 5894–5986; b) M. Petrini, Chem. Eur. J. 2017, 23, 16115–
16151.
[33] J. S. Yadav, V. V. S. Reddy, Synthesis 2002, 511–514.
[34] Examples of indoles behaving as double nucleophiles can be found, see:
a) B. Bajtos, M. Yu, H. Zhao, B. L. Pagenkopf, J. Am. Chem. Soc. 2007, 129,
9631–9634; b) J. Barluenga, E. Tudela, A. Ballesteros, M. Tomas, J. Am.
Chem. Soc. 2009, 131, 2096–2097; c) A. C. Silvanus, S. J. Heffernan, D. J.
Liptrot, G. Kociok-Köhn, B. L. Andrews, D. R. Carbery, Org. Lett. 2009, 11,
1175–1178; d) Y. Lu, X. Du, X. Jia, Y. Liu, Adv. Synth. Catal. 2009, 351,
1517–1522; e) Y. Lian, H. M. L. Davies, J. Am. Chem. Soc. 2010, 132, 440–
441; f ) M. C. Haibach, I. Deb, C. K. De, D. Seidel, J. Am. Chem. Soc. 2011,
133, 2100–2103; g) C. C. J. Loh, J. Badorreck, G. Raabe, D. Enders, Chem.
Eur. J. 2011, 17, 13409–13414.
[35] a) N. P. Grimster, C. Gauntlett, C. R. A. Godfrey, M. J. Gaunt, Angew. Chem.
Int. Ed. 2005, 44, 3125–3129; Angew. Chem. 2005, 117, 3185–3189; b)
B. J. Fallon, E. Derat, M. Amatore, C. Aubert, F. Chemla, F. Ferreira, A.
Perez-Luna, M. Petit, Org. Lett. 2016, 18, 2292–2295.
[36] The enantioselective synthesis of tetracyclic indole derivatives by a re-
lated intramolecular indole-alkenylation process, which benefits from
the alkynophilicity of gold, has been described, see ref.[34g]
[37] Cyclohepta[b]indoles have been described as privileged structural mo-
tifs, see: E. Stempel, T. Gaich, Acc. Chem. Res. 2016, 49, 2390–2402, and
references therein.
[38] For an example of BF3·OEt2 promoted conjugate addition of a thiol to
electron-deficient alkynes, see: Q. F. Zhou, X. P. Chu, S. Zhao, T. Lu, W. F.
Tang, Chin. Chem. Lett. 2012, 23, 639–642, and references therein.
[39] For an example of Michael addition of aryl thiols to enones catalyzed by
InBr3, see: M. Bandini, P. G. Cozzi, M. Giacomini, P. Melchiorre, S. Selva, A.
Umani-Ronchi, J. Org. Chem. 2002, 67, 3700–3704.
[40] R. W. H. Small, I. J. Worrall, Acta Crystallogr., Sect. B 1982, 38, 932–934.
[41] A. M. Gómez, C. Uriel, S. Valverde, J. C. López, Org. Lett. 2006, 8, 3187–
3190.
[42] The NMR for cobalt-containing compounds has had to be performed on
freshly filtered, highly diluted solutions, and even like in most cases their
spectra still appeared as poorly resolved.
[43] Direct activation at the C-3 substituent to generate an allylic cation has
been described: a) J. C. Lopez, A. M. Gomez, S. Valverde, B. Fraser-Reid,
J. Org. Chem. 1995, 60, 3851–3858; b) A. A.-H. Abdel-Rahman, G. A. Win-
terfeld, M. Takhi, R. R. Schmidt, Eur. J. Org. Chem. 2002, 713–717; c) S.
Kashyap, S. Hotha, Tetrahedron Lett. 2006, 47, 2021–2023.
[44] It has been shown that the intervention of catalytic amounts of water
can have a marked effect in the allylic rearrangements of glycal deriva-
tives: R. Blattner, R. J. Ferrier, R. H. Furneaux, Tetrahedron: Asymmetry
2000, 11, 379–383.
[45] J. S. Yadav, B. V. S. Reddy, K. V. Rao, K. S. Raj, A. R. Prasad, S. K. Kumar,
A. C. Kunwar, P. Jayaprakash, B. Jagannath, Angew. Chem. Int. Ed. 2003,
42, 5198–5201; Angew. Chem. 2003, 115, 5356–5359.
[46] There are relatively few examples of vinylogous Nicholas reactions (VNR),
for intramolecular VNR, see: a) I. Kolodziej, J. R. Green, Synlett 2011,
2397–2401; b) I. Kolodziej, J. R. Green, Org. Biomol. Chem. 2015, 13,
10852–10864; for intermolecular VNR, see: c) E. Alvaro, M. C. de la Torre,
M. A. Sierra, Org. Lett. 2003, 5, 2381–2384; d) A. Mahmood, R. Ngenzi,
P. M. Penner, J. R. Green, Synlett 2016, 27, 1245–1250.
573
Full Paper
[47] For recent examples of gold(I)- and silver(I)-catalyzed vinylogous Nicho-
las reactions, see: a) C. Valderas, M. C. de la Torre, I. Fernández, M. P.
Muñoz, M. A. Sierra, Organometallics 2013, 32, 951–956; b) M. C.
de la Torre, M. Asenjo, P. Ramirez-Lopez, M. A. Sierra, Eur. J. Org. Chem.
2015, 1054–1067; c) C. Valderas, L. Casarrubios, A. Lledos, M. A. Ortuño,
M. C. de la Torre, M. A. Sierra, Chem. Eur. J. 2016, 22, 9015–9023.
[48] For a study on the site-selectivity on nucleophile incorporation onto
vinylogous Nicholas cations, see: J. DiMartino, J. R. Green, Tetrahedron
2006, 62, 1402–1409.
Eur. J. Org. Chem. 2018, 5355–5374 www.eurjoc.org © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5374
[49] C. Bucher, R. Gilmour, Angew. Chem. Int. Ed. 2010, 49, 8724–8728; Angew.
Chem. 2010, 122, 8906.
[50] J.-P. Lellouche, S. Koeller, J. Org. Chem. 2001, 66, 693–696.
[51] B. S. Babu, K. K. Balasubramanian, Carbohydr. Res. 2005, 340, 753–758.
[52] J. Kast, M. Hoch, R. R. Schmidt, Liebigs Ann. Chem. 1991, 481–485.
Received: June 28, 2018
574
Stereoselective Glycosylation of 2‑Nitrogalactals Catalyzed by a
Bifunctional Organocatalyst
Sandra Medina,†,∥ Matthew J. Harper,†,∥ Edward I. Balmond,† Silvia Miranda,† Giacomo E. M. Crisenza,†
Diane M. Coe,‡ Eoghan M. McGarrigle,§ and M. Carmen Galan*,†
†School of Chemistry, University of Bristol, Cantock’s Close, Bristol, BS8 1TS, United Kingdom
‡GlaxoSmithKline Medicines Research Centre, Gunnels Wood Road, Stevenage SG1 2NY, United Kingdom
§Centre for Synthesis and Chemical Biology, UCD School of Chemistry, University College Dublin, Belfield, Dublin 4, Ireland
*S Supporting Information
ABSTRACT: The use of a bifunctional cinchona/thiourea organo-
catalyst for the direct and α-stereoselective glycosylation of 2-
nitrogalactals is demonstrated for the first time. The conditions are
mild, practical, and applicable to a wide range of glycoside acceptors
with products being isolated in good to excellent yields. The
method is exemplified in the synthesis of mucin type Core 6 and 7
glycopeptides.
The stereoselective synthesis of glycosides is still one of theremaining challenges in oligosaccharide synthesis. 2-Amino
glycosides, typically present in the N-acylated form, are an
important class of glycans that are often found as integral
components of biologically relevant oligosaccharides and
glycoconjugates. In particular, 2-acetamido-2-deoxy-D-O-galac-
topyranosides α-linked to the OH group of serine, threonine, or
other glycosides are a common motif in a number of proteins
such as mucins, cell membrane glycoproteins, blood group
determinants, immunoglobulins, antifreeze glycoproteins, and
glycoprotein hormones.1−4 In addition, 2-amino-2-deoxy-O-
glycosides are also constituents of several nucleosides and
aminoglycoside antibiotics, e.g. streptomycin, kanamycin B,
neomycins, paromomycins, kasugamycin, pyranmycins, and
lividomycins.5 Thus, these compounds represent an important
synthetic target. However, despite many efforts in the area, the
synthesis of 1,2-cis aminoglycosides still remains particularly
difficult since most common N-protecting groups (e.g., amides,
carbamates) exhibit 1,2-trans-directing behavior during the
glycosylation reaction favoring the formation of β-linked
products.6 2-Nitroglycals have been shown to be useful glycosyl
donors for the synthesis of aminoglycosides whereby the nitro
group serves as a nonparticipating latent amino functionality.7−11
Base-catalyzed conjugation of alcohols to 2-nitroglycals has been
reported by the Schmidt group for forming α- and β-linked 2-
amino-2-deoxy-O-glycosides.12 Moreover, the α/β-selectivity of
this concatenation reaction is highly dependent on the nature of
the base and nucleophile employed in the reaction.6,13−16
Stemming from our interest in the development of novel
catalytic systems for the stereoselective synthesis of glyco-
sides,17−20 we decided to focus our efforts on the organocatalytic
preparation of 2-deoxy-2-amino-O-galactosides. Herein, we
report the development of a mild, efficient, and stereoselective
bifunctional organocatalyst for the direct glycosylation of 2-
nitrogalactals and its application in the synthesis of mucin type α-
O-linked 2-acetamido-2-deoxy-glycoconjugates.
Organocatalysis has been successfully applied to the synthesis
of oligosaccharides.15,18−25 Our team reported the use of
Schreiner’s thiourea to promote the highly α-selective glyco-
sylation of galactals with a number of OH nucleophiles.20
In addition, the organocatalytic enantioselective addition of
soft carbon nucleophiles and thiols to nitroalkenes has been
documented by various research groups.26−33 A common feature
in all the catalytic systems employed in these conjugate addition
reactions is the use of bifunctional catalysts that contains both a
thiourea and a basic amine group. It is proposed that while the
thiourea functionality coordinates to the nitro group, and thus
increases the electrophilicity of the nitroalkene, the pendant
amine activates and directs the addition of the nucleophile into
the prochiral alkene (Figure 1).26,31,34 We hypothesized that
such bifunctional organocatalysts would be ideally suited as mild
promoters for the stereoselective glycosylation of 2-nitroglycals.
Our experiments began with a screening of a series of
commercial bifunctional cinchona alkaloid/thiourea catalysts for
their ability to promote the stereoselective glycosylation of
perbenzylated 2-nitrogalactal 112 with glucoside acceptor 2.34 As
summarized in Table 1, the glycosylation reaction with 10 mol %
of urea 3a or thiourea 3b35 in CH2Cl2 proceeded with good
conversions to product 412 (79−81%) after 48 h, albeit giving an
∼1:1 α:β anomeric mixture (Table 1, entries 1 and 2). Changing
the catalyst to the opposite pseudoenantiomer, as in thiourea
3c,35 did not cause any significant changes to the yield or
stereochemical outcome of the reaction (Table 1, entry 3). It was
also observed that the presence of both the (thio)urea and amine
functionality were required for activity, as no reaction was
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observed when using thiourea 3f37 and very poor conversions
were achieved with carbamate 3d38 or cinchona alkaloid 3e39 as
the sole promoters after 48 h (Table 1, entries 4−6).
Next, we decided to explore solvent effects using 3b as the
model catalyst (see Table 1). Pleasingly, an increase in selectivity
toward the desired α-anomer was achieved when using THF,
toluene, trifluorotoluene, or 1,4-dioxane as the reaction solvent,
with MeCN being the optimum choice affording the product in
87% yield and with an improved 4:1 α:β ratio (Table 1, entry 11).
However, reactions carried out in DMF or DMSO were
detrimental to the yield and stereocontrol (entries 12 and 13).
These results are consistent with MeCN helping to stabilize a
transient ion pair intermediate which leads to an enhancement of
the stereochemical influence of the catalyst.40
To investigate if the spatial presentation of the key
functionalities (thio)urea and amine could have an effect on
the outcome of the reaction, additional catalysts, C-5′ substituted
cinchona alkaloid/urea 3g,29 thiourea 3h,41 and bis-cinchona
alkaloid thiourea 3i42 were prepared and subjected to the
glycosylation reaction in MeCN at reflux as before. It was found
that only thiourea 3i, (Table 2, entry 3) showed an increase in
reactivity (94% conversion after 48 h) and a similar anomeric
selectivity toward the α-product as observed with 3b (Table 1,
entry 11). It is important to note that reactions carried out using a
10 mol % 1/1 mixture of 3e and 3f in MeCN proceeded in
moderate yields of 55% after 48 h and gave an almost equimolar
mixture of anomers (entry 4). These results further demonstrate
that the 3D architecture of the catalyst is important for both
reactivity and stereocontrol.
While it is well-known that cinchona-based thioureas can self-
associate at either high catalyst loading or low temperatures and
become less active catalysts,43−46 bis-cinchona alkaloid organo-
catalysts such as 3i are designed to prevent any self-
association,42,47,48 which should allow us to increase catalyst
loadings in hopes of improving the reaction rate without erosion
of diastereoselectivity. Further optimization of the reaction with
3i (Table 2, entries 5−9) established that a 30 mol % catalyst
loading shortened reaction times and glycoside products were
obtained in 82−87% yield after 16−24 h (entries 7 and 8), with
higher catalyst loadings not offering any further improvements
(entry 9).
Having established optimal reaction conditions, our attention
was then turned to exploring the scope of the organocatalytic
glycosylation using a range of versatile building blocks (Table 3).
In general, glycosylations involving glycosyl donors 1 and 5,
which were prepared from commercial D-galactal (see Support-
ing Information for details), and both reactive and sterically
Figure 1. Proposed general activation of nitroalkenes by bifunctional
thiourea catalysts.
Table 1. Initial Catalyst and Solvent Screen in the
Glycosylation of 2-Nitrogalactal 1
entry catalyst solvent yield (%)a α:βa
1 3a CH2Cl2 81 0.8:1
2 3b CH2Cl2 79 1:0.8
3 3c CH2Cl2 80 1:1
4 3d CH2Cl2 5 0.9:1
5 3e CH2Cl2 16 1:1
6 3f CH2Cl2 0 N/A
7 3b THF 66 2.4:1
8 3b PhCH3 78 2.4:1
9 3b PhCF3 85 2.4:1
10 3b 1,4-dioxane 75 2.4:1
11 3b MeCN 87 4:1
12 3b DMFb 29 1.5:1
13 3b DMSOc 0 N/A
aFrom 1H NMR. N/A = not applicable. bReaction carried out at 82
°C. cReaction carried out at 90 °C. 3a, 3c, and 3d were also screened
in MeCN affording 4:1 α:β ratios, while 3e and 3f in MeCN yielded
little (<15%) or no product, respectively.
Table 2. Catalyst Optimization in the Glycosylation of 2-
Nitrogalactal 1
entry catalyst (mol %) time (h) yield (%)a α:βa
1 3g (10) 48 57 1:0.9
2 3h (10) 48 75 3:2
3 3i (10) 48 94 4:1
4 3e + 3f (10) 48 50 1:0.8
5 3i (10) 24 72 4:1
6 3i (20) 24 82 4:1
7 3i (30) 24 87 4:1
8 3i (30) 16 82 4:1
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hindered acceptors in the presence of 3i proceeded in moderate
to excellent yields within 16−48 h, demonstrating that the
catalyst tolerates the presence of acetals, alkenes, ethers, esters,
and carbamates. Glycosylations with primary alcohols afforded
high yields with a preference for the α-products. Thus, glycosides
6a, 6b, 7a, 7b, and 7c were isolated in 96−85% yields and 2:1 to
4:1 α:β ratios. Interestingly, reactions with glycosyl acceptors
bearing electron-withdrawing protecting groups afforded dis-
accharides (6c and 6d) with complete α-stereocontrol, albeit in
moderate yields (45%).49 It is well-established that disarming
substituents reduce the electron density of the neighboring
hydroxyl group, lowering its nucleophilicity and this has been
shown to improve stereoselectivity, as the reaction can be carried
out in a more controlled manner.50 Pleasingly, glycosylations of
benzyl-protected 1 with Boc-functionalized serine or threonine
proceeded smoothly to give the corresponding glyco-conjugates
6e51 and 6f14,51 in 83% and 60% yield, respectively, and with a 3:1
α:β anomeric selectivity. It is noteworthy that reaction of C-6
silyl protected galactal 2 and protected serine afforded 7dwith an
improved α:β ratio of 9:1 and 74% yield.
To showcase the methodology, the synthesis of mucin-type
Core 6 and 7 glycoconjugates52−54 10 and 13 was attempted
using the developed organocatalytic conditions (Scheme 1).
Starting from α-linked 2-nitrogalactoside 7d, selective silyl ether
removal with TBAF afforded monohydroxylated 8 in 82% yield,
ready to be glycosylated. Glycosylation of 8 with O-benzyl-
protected 2-nitrogalactal 1 using 30 mol % of 3i in MeCN
afforded Core 6 disaccharide 9 in 60% yield as a separable 3:2 α:β
mixture. The presence of a C-2 nitro group in both the donor and
acceptor that can interact with the catalyst may account for the
loss of stereoselectivity in this reaction. Reduction of the nitro
groups from α-glycoside 9 using Zn/HCl in a mixture of AcOH/
THF/H2O, followed by N-acetylation with acetic anhydride in
pyridine, furnished target 10 in 78% yield over the two steps.
Alternatively, glycosylation of 8 using N-Troc-protected glucos-
amine donor 11 yielded Core 7 disaccharide 12 in 86% yield and
with complete β-stereocontrol. Concomitant Zn reduction of the
nitro and NHTroc protecting groups in 12 and subsequent N-
acetylation performed using the same reaction conditions as
before afforded 13 in 40% yield over the two steps.
In conclusion, we have described the first application of a
bifunctional cinchona/thiourea organocatalyst for the direct and
stereoselective glycosylation of 2-nitrogalactals to afford α-O-
linked-2-amino-2-deoxygalactosides in moderate to excellent
yields. The method is mild, practical, and widely applicable to a
range of nucleophile acceptors. Furthermore, we have demon-
strated the applicability of the catalyst in the synthesis of Core 6
and 7 mucin-type α-O-linked glycoconjugates. Overall, the
results reported herein demonstrate that in addition to solvent
effects and the influence of the nucleophile acceptor, a chiral
organocatalyst can be used to affect the stereo-outcome of these
glycosylation reactions. Efforts are currently underway to
develop new and improved organocatalytic systems that can
give us complete stereocontrol.
Table 3. Glycosylation of 2-Nitrogalactals 1 and 5 with a
Variety of Glycosyl Acceptors
aBoth anomers were separated by flash column chromatography, see
the Supporting Information for details.
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